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Résumé 

L’oxyde de graphène est un nanomatériau prometteur grâce à ses caractéristiques physico-
chimiques. Cependant, jusqu’à aujourd’hui, sa composition exacte reste encore inconnue. Ceci est 
dû à la complexité et au caractère non-stœchiométrique de ce matériau.  

 Nous avons commencé par étudier sa composition de surface et sa réactivité. Nous avons 
utilisé des échantillons synthétisés de manière différente pour explorer la relation entre la méthode 
de synthèse et la composition de surface. En outre, nous avons préparé un dérivé fonctionnalisé 
avec un agent chélatant de radionucléides pour étudier sa biodistribution et l’impact de la taille 
latérale. 

 Par la suite, nous avons essayé plusieurs stratégies de multi-fonctionnalisation. L’avantage 
est de pouvoir combiner différentes propriétés. Nous avons observé que, souvent après la 
fonctionnalisation, la dispersabilité de l’oxyde de graphène diminue. Ainsi, nous avons développé un 
échantillon fonctionnalisé par un polymère soluble dans l’eau.  

 Enfin, nous avons exploré et amélioré les méthodes de caractérisation de l’oxyde de 
graphène. Une caractérisation approfondie par différentes techniques est fondamentale pour 
comprendre les modifications que le matériau a subies. 

Mot clé : oxyde de graphène, composition de surface, fonctionnalisation, multi-fonctionnalisation, 
biodistribution, dispersabilité, caractérisation. 

 

Résumé en anglais 

Graphene oxide is a promising nanomaterial thanks to its physicochemical characteristics. 
However, until today its exact composition remains still unknown. This is due to the complexity and 
non-stoichiometric character of this material.  

 We started by investigating the surface composition of graphene oxide and its reactivity. We 
used differently synthesized samples to explore the relationship between the synthesis method and 
the surface composition. Furthermore, we functionalized graphene oxide with a chelating agent of 
radionuclides to study its biodistribution, and the impact of the lateral size. 

 Afterwards, we tried different strategies for multifunctionalization with the aim to combine 
different properties. We observed that the dispersibility of graphene oxide often decreased after 
functionalization. Thus, we developed a highly water-stable graphene oxide sample by grafting a 
water-soluble polymer on its surface. 

Finally, we explored and improved the characterization methods for graphene oxide. A 
thorough investigation using different characterization techniques is fundamental to understand the 
modifications that the material underwent. 

Keywords: Graphene oxide, surface composition, functionalization, multifunctionalization, 
biodistribution, dispersibility, characterization. 
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Abstract 

Doctoral Thesis 

by Isabella Anna Vacchi 

 

Graphene family nanomaterials are very attractive thanks to their unique chemical and physical 

properties. Graphene oxide (GO) is especially studied in the biomedical field due its water dispersibility 

that makes it suitable for applications in nanomedicine. The first important step to exploit GO in this 

field is to fully characterize its surface through analytical techniques and chemical investigations. Indeed, 

until now, the precise chemical composition of GO is still unknown and debated, also because it is 

strongly related to the synthetic procedure to obtain this material. The second important step, instead, 

is the functionalization of GO that allows to conjugate molecules for specific applications. In particular, 

the multifunctionalization is very promising to endow GO with imaging and therapeutic properties.  

In this context, the purpose of my PhD work was the chemical investigation of GO and its 

reactivity towards different covalent functionalization reactions and the development of a strategy of 

multifunctionalization. The investigation of the composition of GO is essential to control its 

functionalization for future applications. For this purpose, we chose a series of selective reactions for 

the derivatization of the different oxygen-containing functions supposed to be present on the surface of 

GO. Due to their high reactivity, several reactions may occur concomitantly. For this reason, a thorough 

investigation with control reactions has been performed. Moreover, differently synthesized GO samples 

were examined to study the relationship between the synthesis procedure and the surface composition. 

Once we established which are the main functional groups on GO and their reactivity, we started to 

study a multi-functionalization strategy. For the multifunctionalization we decided to use amino 

terminated chains, because amino groups can be easily further functionalized in physiological 

conditions. Thus, to control each chain independently orthogonal protecting groups were selected. By 

trying different strategies of multifunctionalization, we noticed that, often, the water dispersibility of 

the sample was decreasing after functionalization. To solve this aspect, we produced a highly water 

stable GO derivative, by grafting a water-soluble polymer on its surface. On this sample, an additional 

multifunctionalization strategy was investigated.  

Due to the complexity of GO chemical structure, much work remains to be done in developing 

reliable characterization methods that will aid to obtain an unambiguous structural identification. In this 

context, we explored the X-ray photoelectron spectroscopy and solid state nuclear magnetic resonance 

to improve the characterization of GO. Because of the complexity of this material, a good understanding 

of its pristine form and of the modification it underwent after functionalization is fundamental to avoid 

misinterpretations. 
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Chapitre 1 : Introduction 

 

 Le graphène est un nanomatériau très prometteur et largement étudié du fait de ses 

caractéristiques uniques, chimiques et physiques.1  

 Le graphène répond aujourd'hui à beaucoup de besoins pour des applications dans les domaines 

de la nanoélectronique, du photovoltaïque, en science des matériaux et en ingénierie.2 Sa forme oxydée, 

l'oxyde de graphène (GO), mieux dispersée dans les milieux physiologiques, est actuellement étudiée 

dans le domaine biologique pour créer des biocapteurs, pour diagnostiquer des maladies, comme agent 

antibactérien et antiviral, pour le ciblage du cancer et pour la thérapie photothermique.3–9 

 

 La surface du GO présente différents groupements fonctionnels incluant des groupements 

hydroxyles, époxydes et carbonyles (Fig. 1).10,11 Mais, jusqu'à aujourd'hui, la composition exacte est 

encore inconnue et beaucoup discutée, aussi parce qu'elle est fortement liée au procédé de synthèse du 

GO. De plus, la structure du GO est très complexe, et pour cette raison, beaucoup de travail reste à 

faire : i) pour trouver des méthodes de caractérisation qui aideraient à obtenir une identification 

structurelle sans équivoque, ii) pour développer des méthodes de synthèse qui donneraient des 

produits uniformes.  

 

 

 

Figure 1 Structure simplifiée du GO. 

 

 La première étape pour exploiter le GO pour des applications biomédicales est de bien connaître 

sa composition de surface. Il est donc nécessaire de le caractériser en utilisant différentes techniques 

analytiques et chimiques. Une fois cette étape accomplie, l'étape suivante est de modifier la surface du 

GO par fonctionnalisation covalente pour lui conférer des caractéristiques spécifiques en fonction de 

l’application visée. La fonctionnalisation du GO permet de conjuguer différentes molécules. En 

particulier, la multi-fonctionnalisation est prometteuse pour donner au GO plusieurs propriétés, comme 

par exemple d'imagerie et thérapeutique.  
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 Par conséquent, mon projet se développe autour de ces différents axes : 

- étude de la composition de surface du GO par fonctionnalisation covalente et comparaison 

d’échantillons de GO obtenus par différents procédés de synthèse. 

- multi-fonctionnalisation covalente du GO. 

- étude pour trouver des méthodes analytiques fiables pour caractériser le GO, par exemple par 

spectroscopie photoélectronique par rayons X (XPS) et par spectroscopie RMN en phase solide. 

 

Chapitre 2 : Étude de la composition de surface de l’oxyde de graphène 

 

 Afin d’étudier la composition de la surface du GO, nous avons choisi des réactions sélectives 

pour dérivatiser les différents groupements oxygénés supposés être présents sur le GO.  

 Nous avons effectué une réaction d'éthérification (réaction de Williamson) et d'estérification sur 

les groupements hydroxyles (Fig. 2). 

 

 

 

Figure 2 Schématisation simplifiée des réactions sur les groupements hydroxyles. 

 

 Nous avons accompli une réaction d'amidation et d'estérification sur les acides carboxyliques 

(Fig. 3). Il s’avère que dans ce cas les taux de fonctionnalisation sont faibles, ce qui indique l’absence 

d’un nombre significatif d’acides carboxyliques réactifs. 

 

 

 

Figure 3 Schématisation simplifiée des réactions sur les groupements carboxyliques. 

 

 Nous avons réalisé la réaction de Wittig sur les groupements carbonyles (Fig. 4). Aussi dans ce 

cas, les taux de fonctionnalisation étant négligeables, nous en avons déduit l’absence de ce groupe en 

quantité significative.  
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Figure 4 Schématisation simplifiée de la réaction de Wittig sur les groupements carbonyles. 

 

 Nous avons effectué l'ouverture des époxydes avec une chaîne aminée. Cette fonction chimique 

s'avère être majoritaire sur la surface du GO au vu des taux de fonctionnalisation élevés que nous avons 

obtenus (Fig. 5). 

 

 
Figure 5 Schématisation simplifiée de la réaction d’ouverture des époxydes par un dérivé aminé. 

 

 En conclusion, les groupements que nous avons constaté être présents sur le GO sont 

principalement les époxydes et les hydroxyles, et en quantité minoritaire les acides carboxyliques et les 

carbonyles.  

 

 Nous avons répété les mêmes réactions sur deux échantillons différents de GO, l'un obtenu par 

coupage et exfoliation de nanofibres de carbone et l'autre par la méthode de Hummers qui est 

fréquemment utilisée. Nous avons pu constater que les groupements fonctionnels sont les mêmes, par 

contre leur pourcentage varie. Ces résultats ont été confirmés par des moyens analytiques tels que la 

RMN en phase solide (Fig. 6).12 En accord avec les données rapportées dans la littérature, les pics à 60.9 

ppm et 70.8 ppm peuvent être attribués respectivement aux groupes époxydes et hydroxyles.13,14 Le pic 

situé à 129.4 ppm est attribué aux doubles liaisons C=C, tandis que le pic large et faible autour de 90-100 

ppm pourrait être attribué aux lactols.15,16 Par contre, les pics correspondant aux groupes carbonyles 

sont plutôt localisés autour de 160-190 ppm.17 
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Figure 6 RMN quantitative 13C en phase solide de GO synthétisé a) par la méthode de Hummers et b) par exfoliation de 

nanofibres de carbone, et pourcentages respectifs des différents pics (les déplacements chimiques assignés aux groupements 

carbonyles sont signalés en rouge). 

 

 Chaque échantillon a été caractérisé par spectroscopie FT-IR, analyse thermogravimétrique 

(ATG), spectroscopie Raman, XPS, microscopie électronique à transmission et par un test colorimétrique 

(test de Kaiser). 

 Pour chaque réaction (mono-fonctionnalisation ou multi-fonctionnalisation), des réactions 

contrôles ont été effectuées. Une réaction contrôle est une réaction effectuée dans les mêmes 

conditions réactionnelles, mais en l’absence d’un des réactifs. Ces réactions sont indispensables en 

raison de la grande réactivité des groupements oxygénés qui peuvent provoquer des réactions 

secondaires et aussi en raison du risque d'adsorption des molécules sur la surface du GO via des 

interactions non-covalentes. 

 

Ensuite, pour étudier la biodistribution du GO, nous avons exploité l’ouverture des époxydes 

pour greffer sur sa surface un agent chélatant de radionucléotides (DOTA) (Fig. 7). Trois échantillons de 

GO avec des dimensions latérales différentes ont été testés pour établir la relation entre la taille latérale 

et la biodistribution. Les résultats ont montré une distribution dans les organes différente selon les 

échantillons, mais tous ont été éliminés principalement dans les urines, et aussi dans les excréments.  
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Figure 7 Schématisation simplifiée de l’ouverture des époxydes avec une molécule chélatant des radionucléides. 

 

Chapitre 3 : Double fonctionnalisation de l’oxyde de graphène 

 

 Une fois établie la composition de surface du GO, nous avons combiné des réactions déjà 

testées pour développer une stratégie de multi-fonctionnalisation. Nous avons choisi les réactions qui 

ont donné les taux de fonctionnalisation les plus importants. Par conséquent, nous avons décidé de 

focaliser notre attention sur les groupements époxydes et hydroxyles, et spécifiquement sur la réaction 

d'ouverture des époxydes avec une molécule aminée et sur la réaction d'éthérification et d’estérification 

des hydroxyles. 

 

Pour la multi-fonctionnalisation, nous avons choisi des chaînes aminées car les fonctions amines 

sont très réactives et peuvent être facilement dérivatisées avec des molécules biologiquement actives. 

Ainsi, pour contrôler les deux chaînes d'une façon indépendante, nous avons utilisé des groupements 

protecteurs orthogonaux en considérant la sensibilité du GO face à des températures élevées et des 

conditions réductrices. Nous avons choisi de combiner le groupement Boc avec un groupement 

photoclivable, le α-methyl o-nitrobenzyl ester (Fig. 8). Ensuite, nous avons optimisé les conditions pour 

la réaction de photoclivage. 

 

 
Figure 8 Multi-fonctionnalisation avec des chaînes aminées protégées par des groupements orthogonaux (en rouge). 
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 Pour la multi-fonctionnalisation, nous avons testé différentes combinaisons. Nous avons essayé 

l'ouverture des époxydes avant l'éthérification (Fig. 9). Ce choix était le plus logique vu que l'ouverture 

des époxydes augmente le taux d’hydroxyles sur la surface du GO. Cependant, les résultats de 

l'éthérification n’étaient pas satisfaisants, le taux de fonctionnalisation étant inférieur à celui de la 

mono-fonctionnalisation par éthérification.  

 

 
Figure 9 Schématisation simplifiée de la stratégie de multi-fonctionnalisation par ouverture des époxydes suivie de la réaction 

de Williamson. 

 

Probablement que cette différence est due à une instabilité des groupements hydroxyles après 

l'ouverture des époxydes. Pour cette raison, nous avons essayé une stratégie "one-pot" en effectuant 

simultanément les deux réactions (Fig. 10). Néanmoins, le taux de fonctionnalisation par éthérification 

reste relativement faible.  

 
Figure 10 Schématisation simplifiée de la stratégie de multi-fonctionnalisation "one-pot". 

 

Nous avons donc inversé les deux réactions en procédant dans l'ordre à l'éthérification puis à 

l'ouverture des époxydes (Fig. 11). Le résultat n’était encore pas satisfaisant, le taux de 

fonctionnalisation par ouverture des époxydes n'étant pas aussi élevé que par mono-fonctionnalisation. 

Le faible taux de fonctionnalisation de la deuxième réaction est peut-être du à un encombrement 

stérique. 

 
Figure 11 Schématisation simplifiée de la stratégie de multi-fonctionnalisation par réaction de Williamson suivie de l’ouverture 

des époxydes. 
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 Nous avons donc testé une approche différente en effectuant une estérification des 

groupements hydroxyles après l'ouverture des époxydes (Fig. 12). Le rendement de la réaction 

d’estérification est plus important par rapport aux essais précédents, mais n’atteint toujours pas les taux 

de fonctionnalisation attendus d’après les valeurs obtenues par mono-fonctionnalisation. Ainsi, il est 

très possible que cela soit dû à un encombrement stérique. En effet, il a été montré dans la littérature 

que les groupes fonctionnels sont localisés à une forte densité sur certaines zones de la surface du GO.18 

En conséquence, une fois que la première molécule est attachée à la surface du GO, la deuxième 

molécule ne peut pas être introduite au-delà d’une certaine quantité en raison de l’encombrement 

stérique du à la présence de la première molécule introduite. En outre, nous avons observé que souvent 

après fonctionnalisation, la dispersabilité des dérivés diminue. Il est possible que cela affecte aussi le 

rendement final de la seconde réaction. 

 
Figure 12 Schématisation simplifiée de la stratégie de multi-fonctionnalisation par ouverture des époxydes suivie de 

l’estérification. 

 

 Un aspect important à considérer pour utiliser des dérivés de GO pour des applications 

biomédicales est leur dispersabilité dans les milieux physiologiques. Souvent, après fonctionnalisation la 

dispersabilité dans l'eau diminue. Ceci peut être expliqué par le fait que la quantité et le type de 

groupements oxygénés change après fonctionnalisation et par conséquent la charge de surface change 

aussi, ce qui peut induire l’agrégation des feuillets de graphène. La dispersabilité dans l'eau et dans les 

milieux physiologiques est indispensable afin de minimiser toute toxicité potentielle. Pour résoudre ce 

problème, nous avons décidé d'augmenter la dispersabilité du GO dans l'eau en modifiant la surface du 

GO avec un polymère (le polyglycidol) qui a une solubilité aqueuse élevée (Fig. 13).19 Ce travail a été 

réalisé dans le Laboratoire du Professeur Naoki Komatsu à l'Université de Kyoto (Japon). 
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Figure 13 Structure simplifiée du GO fonctionnalisé avec le polyglycidol. 

 

 Nous avons essayé différentes conditions pour la polymérisation du glycidol in situ avec le GO 

afin d’obtenir un taux de fonctionnalisation élevé avec une modification mineure du GO.  

 Nous avons testé la réaction à trois températures différentes : température ambiante, 80°C et 

140°C. Le taux de fonctionnalisation pour la réaction à température ambiante est plus faible comparé 

aux deux autres conditions. Vu que la réaction à 140°C induit une réduction partielle du GO, le meilleur 

résultat a été obtenu à 80°C. La réduction du GO à 140°C a été confirmée par ATG sur des échantillons 

contrôles de GO. 

 En parallèle, nous avons testé la réaction à température ambiante en ajoutant des bases comme 

catalyseur (Et3N et NaOH), ce qui a permis d’obtenir des taux de fonctionnalisation importants, mais 

plus faibles par rapport à la réaction à 80°C.20 

 Ensuite, nous avons étudié la stabilité des différents échantillons dans l'eau et nous avons 

observé qu’elle est meilleure après fonctionnalisation avec le polymère. Les échantillons traités à 80°C 

et à température ambiante avec Et3N montrent une stabilité plus importante dans l'eau.  

 Une fois ce complexe GO-polymère obtenu avec une stabilité élevée dans l'eau, nous avons 

développé une stratégie de multi-fonctionnalisation. 

 Vu que la surface du GO est recouverte de polyglycidol, la meilleure option est de modifier la 

surface du polymère. Le polyglycidol est constitué d’un nombre élevé de groupements hydroxyles. Dans 

un premier temps, nous avons partiellement modifié les hydroxyles en azotures qui présentent 

l’avantage de pouvoir être facilement utilisés pour des réactions "click". Les fonctions hydroxyles 

restantes peuvent être ensuite modifiées par estérification pour obtenir un GO multifonctionnel. Dans 

un premier temps, nous avons modifié les azides par la réaction click avec un peptide ciblant les reins 

(Fig. 14). L’introduction de ce peptide a été confirmée par XPS et FT-IR. L'objectif était de conjuguer un 

peptide de ciblage et une molécule pour faire de l'imagerie, comme le DOTA, un agent chélatant de 

radionucléides, ou un fluorophore. Malheureusement, en raison du manque de temps, la deuxième 

étape de la multi-fonctionnalisation n’a pas pu être effectuée.  
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Figure 14 Schématisation simplifiée de la fonctionnalisation du GO avec un peptide de ciblage sur les groupements hydroxyles. 

 

 Par conséquent nous avons obtenu des dérivés de GO très stables dans l'eau, fonctionnalisés 

avec un polymère biocompatible qui peut facilement être modifié par multi-fonctionnalisation.  

 

Chapitre 4 : Comment améliorer l’analyse XPS et l’interprétation des données pour étudier l’oxyde de 

graphene et autres nanomatériaux 

 

 La caractérisation du GO est une étape très importante et délicate. A cause de la complexité 

structurelle du GO, sa caractérisation est très difficile du fait de l’absence de techniques analytiques 

suffisamment sensibles. Il faut donc utiliser plusieurs techniques en même temps et conserver un esprit 

critique. Les meilleures techniques jusqu'à aujourd'hui sont la RMN en phase solide et l‘XPS. La RMN 

donne de très bons résultats qui peuvent être quantitatifs en choisissant certaines configurations, mais 

cela prend beaucoup de temps. L'analyse d'un échantillon peut prendre d'une journée jusqu'à une 

semaine. Par conséquent, cette technique ne peut pas être utilisée pour tous les échantillons. Par 

contre, l'XPS donne une réponse plus immédiate, mais les données sont plus difficiles à interpréter. Il 

faut donc être rigoureux dans l'analyse des données. 

 L'XPS est une technique très précise quand on analyse des échantillons conducteurs. Toutefois, 

le GO est un nanomatériau isolant. Il a donc fallu optimiser les conditions d'analyse pour limiter ou 

diminuer au maximum l'erreur dans l'analyse causée par le chargement des échantillons pendant 

l'analyse. 

La première étape pour accomplir cela était d’améliorer les paramètres d’analyse, pour voir si la 

qualité et la résolution des spectres pouvaient être améliorées. 

 L’étape suivante était de choisir le meilleur substrat pour prendre les mesures. Il y a deux 

aspects importants dans la préparation des échantillons : le type de substrat et le dépôt de l'échantillon 

sur le substrat. Dans le premier cas, il faut décider si le substrat doit être conducteur ou isolant. Dans le 

deuxième cas, il faut trouver un moyen de déposer les échantillons d’une manière très uniforme, très 

compacte et stable dans l'ultravide. Nous avons ainsi essayé différents substrats et diverses méthodes 

de préparation des échantillons pour l'analyse.  

 Une fois établie la méthode de préparation des échantillons, les conditions d’analyse sont 

également très importantes. Parmi tous les réglages, il y a trois aspects à considérer : choisir une espèce 
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chimique comme référence en cas de besoin de correction de la charge, répéter l'analyse plusieurs fois 

et prendre les spectres de tous les éléments présents pour collecter le plus d'informations possible. 

 La nécessité de répéter l'analyse est expliquée par le fait que les nanomatériaux à base de 

carbone sont très inhomogènes. En outre, nous avons observé que la référence utilisée pour la 

correction du décalage de charge et l’échantillon analysé ne subissent pas toujours le même décalage de 

charge. Ainsi, utiliser une référence externe n’est pas toujours utile. Cependant, nous avons établi qu’il 

est possible de calculer le rapport C sp2 et sp3 à partir de la première dérivée du spectre C KLL Auger. 

Cette valeur peut être utilisée pour appliquer la correction de décalage de charge appropriée aux 

spectres.  

 Le GO est très difficile à analyser par XPS de par son caractère isolant et sa complexité due à une 

quantité élevée des différents groupements fonctionnels qui donnent un nombre important de signaux 

superposés dans les spectres. 

 

 

Chapitre 5 : Conclusions et perspectives 

 

 En conclusion, pendant ma thèse, nous avons établi que la surface du GO est composée 

principalement de groupements époxydes et hydroxyles, et que la différence entre deux échantillons de 

GO obtenus par des procédés de synthèse différents est liée principalement au pourcentage des 

groupements fonctionnels. Nous avons amélioré les conditions d'analyse par XPS pour caractériser avec 

précision la surface du GO. Nous avons augmenté la dispersabilité du GO dans les milieux aqueux en 

conjuguant un polymère, le polyglycidol. Enfin, nous avons développé et étudié des stratégies de multi-

fonctionnalisation. 

 Comme perspectives, nous continuerons à explorer différentes approches de double 

fonctionnalisation. Il serait notamment intéressant de pouvoir localiser les groupements fonctionnels 

introduits à la surface du GO. Cette étude aidera à comprendre s’il y a un problème d’encombrement 

stérique qui limite le taux de fonctionnalisation du GO dans le cas de stratégies de double 

fonctionnalisation. De plus, il est prévu d’évaluer le GO fonctionnalisé avec le peptide de ciblage et la 

molécule d'imagerie in vitro et in vivo afin d’exploiter les propriétés du GO pour des applications 

thérapeutiques. 
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CHAPTER 1: INTRODUCTION  

 1.1 Introduction: Graphene oxide and its biomedical applications  

 Graphene and its oxidized form graphene oxide (GO) are emerging nanomaterials studied in several 

fields including materials science, chemistry, physics, biology, medicine, nanotechnology. 

 GO was discovered in 1859 by Brodie, long before graphene, but only recently its properties started 

to be fully exploited and studied. After Brodie's finding, other procedures to obtain GO from graphite were 

developed by Staudenmaier and Hummers.1–3
 

 GO is a two dimensional material made of sp2 and sp3 hybridized carbon atoms arranged in a 

hexagonal honeycomb pattern and of oxygen atoms present in the form of different functional groups 

(Figure 1.1). The type and amount of oxygenated species is still highly discussed today. This is due to a lack 

of sufficiently sensitive analytical techniques and to the amorphous and berthollide character of this 

material. 

 
Figure 1.1 Schematized representation of GO 

 

 The shape of GO sheets is typically irregular. Their lateral size can be tuned from few nm to mm. 

This aspect depends on the starting graphite, the oxidation time and the oxidation procedure used, and can 

be easily modified by sonication.4,5 An accurate post-sonication, centrifugation and filtration procedure is 

required to obtain size-sorted GO suspensions.4–6 But until today it is still not possible to totally control the 

size of this material.7 

 GO, opposite to its non-oxidized form graphene, is an insulating material due to the highly 

disrupted sp2 plane and, thanks to the oxygenated functional groups, it is very hydrophilic. GO is more 

chemically reactive due to the presence of defects. It shows a higher optical transmittance than graphene 

because of the different electronic structure, but also lower mechanical properties.8 GO can be easily 

reduced to graphene and this is really interesting because then all the characteristics of graphene can be 

acquired, as for example, the thermal and electrical conductivity and a higher mechanical strength. 

However, graphene, when obtained by reduction from GO, often contains a high number of defects and 

hence the electrical performance is not as high as it is for a “pure” graphene layer. 

 This carbon nanomaterial, due to its hydrophilic aspect, finds many applications in the biomedical 

field. It is studied for drug delivery owing to the large surface area that can lead to high drug loading. Drugs 

and molecules can be covalently attached or can be adsorbed onto the surface of GO. The large surface 

area of graphene family materials enhances the opportunities also for multi drug delivery or for combined 

strategies of targeting and imaging. Different studies have been performed already on the delivery of 

anticancer drugs, genes, and peptides in the last years using graphene materials.9–13 To mention one 

interesting example, a GO for electrically controlled drug delivery loaded with dexamethasone has been 

prepared by Weaver et al., and showed an on-demand local delivery of drug molecules.14  
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Beside drug delivery, GO is investigated for cellular imaging, to develop a cost effective technique 

for early diagnosis and treatment of diseases. This nanomaterial, indeed, is easy to fabricate, non-toxic and 

stable compared to other organic dyes or quantum dots.15 GO is made of small ordered sp2 clusters within a 

sp3 C-O matrix.16 Because of this configuration π-electrons are confined in this clusters and give rise to 

fluorescence.17,18 But, because of its aromatic structure, GO is also a strong quencher of dye molecules 

adsorbed on its surface, thus making non-exploitable the conjugation of fluorescent species on it.19 

An additional biomedical application of GO is the photodynamic and photothermal therapy for 

tumor treatment. These two therapeutic modalities are mainly due to the light absorption capacity in the 

near-IR-region. In photodynamic therapy the absorbed energy activates photosensitizing agents 

immobilized onto GO, generating cytotoxic reactive oxygen species (ROS). Meanwhile in photothermal 

therapy the energy is absorbed by the aromatic areas of this material and released into heat. This released 

heat is exploited for photoablation of tumors for example. Recently, Rong et al. loaded 2-(1-hexyloethyl)-2-

devinyl pyropheophorbide-alpha (HPPH) onto GO showing a dramatic improvement in the photodynamic 

cancer cell kill efficacy of HPPH.20 

Another growing research field for graphene derivatives is gene therapy. The interest of this 2D 

carbon nanomaterials is due to the large surface area and the oxygenated species that facilitate the 

interactions with various polymers to design a non-viral transfection vector.16 For gene delivery, graphene 

derivatives have to be modified to rend the surface cationic and to facilitate the electrostatic interactions 

with anionic oligonucleotides. The main molecules used until now are polyamidoamine (PAMAM), 

polyethyleneimine (PEI), or PEI combined with polyethyleneglycol (PEG) or PEI combined with poly(sodium 

4-styrenesulfonate (PPS).21–23 Chitosan has been also complexed on GO by Bao et al. for simultaneous drug 

and gene delivery. This complex was found to be perfect for the condensation of plasmid DNA in stable, 

nanosized complexes.24 

Graphene family nanomaterials act also as antibacterial agents.25 This is due to the fact that they 

cause damage to the bacterial cell membrane and create oxidative stress. 

For tissue engineering this nanomaterial plays a promising role thanks to the non-significant 

toxicity, the cost effectiveness and the excellent thermal and electrical conductivity.26 For example, La et al. 

preloaded a Ti-GO implant with several bone morphogenetic proteins (BMPs) and substance P (SP) factors 

and obtained a dual delivery system that induced a rapid formation of bone growth without the typical side 

effects of BMP-2, such as  bone overgrowth, inflammation, and uncontrolled bone formation.27–30 

Graphene and its derivatives have been investigated also for biosensing.31 The high electron 

transport mobility, extraordinary mechanical strength, exceptional thermal and electrical conductivity 

make them appropriate for this application too. A thrombin biosensor based on GO has been developed.32 

This facilitates the detection of thrombin via non covalent assembly of graphene and the aptamer, 

exhibiting high sensitivity and selectivity (aptamers are selected single-stranded oligonucleotides specific to 

proteins, small molecules or ions).32  

In conclusion, GO, thanks to its characteristics, shows a big potential for a plethora of applications in the 

biomedical field. 

 

 1.2 Main synthesis procedures and structural properties of graphene oxide 

 GO is mainly synthesized through an oxidative process applied to graphite. As mentioned above, 

Brodie developed the first production procedure of this material. He treated graphite with an oxidation 

mixture made of potassium chlorate and fuming nitric acid.1 This procedure was modified in 1898 by 

Staudenmaier who added to the oxidation mixture concentrated sulfuric acid, reduced the oxidation cycles 

to only one and introduced a two-step protocol.2,33,34 Later, in 1958 this protocol has been further 

optimized by Hummers and Offeman obtaining a time-efficient synthetic route. They introduced potassium 
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permanganate as a strong oxidant with sodium nitrate and sulfuric acid.35 Because of the fact that this 

technique produces toxic gases during the oxidation, Tour et al. replaced sodium nitrate with phosphoric 

acid, that does not produce such dangerous gases.36 

Recently, Eigler et al. developed an improved method to obtain a better quality GO called oxo-G.37 They 

pointed out on the fact that the temperature used during the synthesis of GO is a key factor that influences 

the structure of this material. They established that the temperature used during the classical synthesis 

procedures causes over-oxidation and the loss of carbon as CO2 in extended amount. Thus, the 

temperature during the synthesis process and the aqueous workup was decreased from 45°C to 10°C. In 

this oxo-G about every second carbon atom is sp2 hybridized, and as a result, there is still an important 

aromatic system next to the oxygenated species. The major functional groups in oxo-G are hydroxyls, 

epoxides, and organosulfates. This material appears to be of high interest because its reduction produces 

graphene with a lower amount of defects, thus having a better conductivity.38  

 The synthesis procedure is one of the factors that influences the surface composition of GO. This 

brought to some discrepancy in the structure models. Some variations in the composition of GO for 

example are due to the oxidation mixture chosen, permanganate versus chlorate mixtures or, as we just 

mentioned above, to the temperature applied during the oxidation process.  

Eng et al. performed a voltammetry analysis study of the surface composition of a sample of GO obtained 

using a permanganate oxidation mixture and another one obtained using the chlorate oxidation mixture 

(Figure 1.2).39 They discovered that the permanganate mixture produced a majority of ortho-quinones 

followed by ketones. Only a small quantity of carboxyl groups was found, consistent with the latest reports. 

The main components of permanganate oxidized GO were found to be the epoxides and a minor presence 

of hydroxyl groups. The same authors pointed on the fact that hydroxyls can congregate in densely oxidized 

regions and there could be a contribution of steric effects, which brings to a low proportion of hydroxyls 

detected.40 They found out that chlorate oxidation mixture produces instead GO with a more uniform 

distribution but lower total amount of oxygenated functional groups, and that these are mainly ketones. 

No carboxylic acids at all were detected. The same amount of hydroxyl groups was found for both GO 

samples, meanwhile no further information was given by the authors on the epoxide amount in the 

chlorate oxidized GO. Due to the lack of carboxyl groups in both types of GO, the acidity of this material has 

been explained by the presence of vinylogous acids.41 

 
Figure 1.2 a) Schematized GO structure established by Eng et al.39; b) Schematization of the synthesis procedures of GO. Adapted 

from reference 39. 

 

 Recently, due to the strong relation between the structure of GO and its synthesis procedure, the 

researchers spent more time studying the formation process of GO from graphite. Dimiev and Tour 
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distinguished three steps in this oxidation process.42 The first one is the conversion of graphite into a 

sulfuric acid intercalated graphite. The second is the conversion into oxidized graphite that happens by 

adding KMnO4. The third and last step is connected with the water addition and brings to the formation of 

GO. They also observed that the oxidation progresses from the edge to the center, thus larger graphite 

takes more time to be oxidized compared to small size graphite. Moreover, crystallinity matters too: highly 

crystalline graphite samples were converted into oxidized graphite slower than disordered graphite.   

Last year, Morimoto et al. carefully studied the oxidation of graphite understanding which factors and 

components play a key role in the synthesis of GO.43 They established that the pre-oxidation often used is 

not necessary, neither the use of additives, such as NaNO3 or H3PO4. They optimized the reaction 

conditions, and the best resulted to be 35°C for two hours with a KMnO4/graphite mass ratio <3. Before, 

Nishina et al. reported that the oxygen content is correlated to the amount of KMnO4 used, and it is well 

known that an excess of KMnO4 causes an overoxidation.44,45 The temperature, as also established by Eigler 

et al., causes the formation of defective GO and loss of CO2 if too high.37 Thus, determining the correct 

temperature and amount of KMnO4 is important. Quenching the reaction with water prior to purification is 

instead fundamental to convert insoluble Mn(III) to soluble Mn(II) species, to be able to eliminate 

manganese completely from GO during the purification steps (Figure 1.3). H2O2 has the role to increase the 

solubility of certain Mn species, but other compounds such as mild reducing agents can also be used.43 
 

Figure 1.3 Schematized synthesis procedure mechanism established by Morimoto et al (GIC=graphite intercalated compound).43 

 

 By looking at the studies just mentioned, the importance of the factors influencing the structure 

composition becomes more and more clear. This is also a reason why since the discovery of GO we can find 

many different models trying to explain its structure. 
 

 1.3 Why is the determination of GO structure so difficult? Theoretical structures and instability of 

graphene oxide 

 As already mentioned in the previous paragraph, there are different factors that influence the 

surface composition of GO: the synthesis procedure, the starting material used (for example expanded 

graphene or natural graphite flakes),46 the type of workup (aqueous or in organic media),47 the impurities 

potentially present and the storage conditions. Indeed, GO is metastable and the size of sp2 hybridized 

clusters increases with time.48 Moreover, GO shows a high sorption capability for various ions on its 

surface, a crucial aspect in the development of GO filtration membranes. But, for example, elements of the 

d-block (such as iron, chromium, vanadium, manganese and mercury), which have different oxidation 

states, possess enough redox potential to induce modifications in the chemical composition of GO.49 This is 

due to the instability of some oxygen functionalities such as epoxides. Thus, the presence of some ion 

contaminants has always to be considered as well as their use during the synthesis or modification of GO. 

Furthermore, GO is sensitive to thermal treatment and to harsh chemical conditions (strong basic and 

reducing conditions). In a study published in 2013 Eigler et al. have shown how a treatment using NaOH 

affects the structure of GO causing rupture of the carbon framework if performed at 40°C.45  
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The decomposition of GO due to heating starts at 50°C with the formation of CO2 and the creation and 

increase of vacancies. At higher temperatures the release of water, CO2 and CO can be monitored by 

thermogravimetric analysis combined with mass spectrometry (TGA-MS) and thermogravimetric analysis 

combined with infrared spectroscopy (TGA-IR) analysis.50 It seems that rearrangement reactions with 

hydrate intermediates lead to the formation of carboxylic acids that are then released as CO2.  

Other factors that can strongly affect the surface composition of GO are ultrasonication processes and laser 

irradiations. A prolonged ultrasonication process can cause the introduction of more defects in GO and a 

reduction of the size. Moreover, if combined with heating at a temperature higher than 50°C it can also 

reduce GO.51,52 Laser irradiation causes instead local heating with consequent local reduction of this 

nanomaterial. This is often exploited in electronics for the formation of local micropatterns of reduced 

GO.53,54 Laser irradiation reduces GO also via a photochemical effect.55  

Another controversial aspect is the presence of oxidative carbonaceous debris adsorbed on the surface 

after the oxidation process and not washed away during workup.56 These features, if present, can also bring 

to some degree of misinterpretation of the structure of GO.  

 For all these reasons and because of the complexity of GO and the lack of sufficiently sensitive 

analytical techniques for characterization, there are many different GO models in the literature. In this 

paragraph the main models will be described. 

 The first model is the one proposed by Hofmann and Holst in 1939. In their structure GO presents 

repeating units of 1,2-epoxides on the entire sp2-hybridized structure (Figure 1.4a).57 

 The second model was suggested in 1946 by Ruess. This GO structure contains 1,3-epoxide and 

hydroxyl groups on a mainly sp3-hybridized wrinkled carbon sheet composed of trans linked cyclohexane 

chairs (Figure 1.4b).58 
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Figure 1.4 Schematic representation of a) the model proposed by Hofmann and Holst and b) the model proposed by Ruess. 

Adapted from references 57 and 58, respectively. 

 

 In 1969, Sholz and Boehm published the third theoretical structure of GO, in which there are 

hydroxyls and ketones on a corrugated carbon layer (Figure 1.5a).59 

 The fourth model was presented by Nakajima and Matsuo in 1994.60 By studying two types of GO, 

obtained through modified Staudenmaier method and electrochemical method, they established that the 

first step of the synthesis of GO is the formation of a stage two GIC. Moreover, they proposed, after a 

fluorination study of GO, a similar structure to poly(dicarbon monofluoride) (C2F)n (Figure 1.5b). 
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Figure 1.5 Schematic representation of a) the model proposed by Sholz and Boehm and b) the model proposed by Nakajima and 

Matsuo.59,60 

 

All these models were mostly obtained through characterization by elemental composition, chemical 

reactions and X-ray diffraction analysis.61 

 Until today the most accepted model is the fifth one. This was proposed in 1998 by Lerf and 

Klinowski after a nuclear magnetic resonance (NMR) study. In this case, the main functional groups are 

epoxides and hydroxyl groups on the basal plane and carboxylic acids at the edges (Figure 1.6).62 They were 

the first suggesting a random distribution of flat aromatic regions and wrinkled regions of sp3 carbon atoms 

bearing oxygenated functional groups. 

 
Figure 1.6 Schematic representation of the model proposed by Lerf and Klinowski. Adapted from reference 62. 

 

 In 2006 a sixth model was proposed by Dékány et al. after NMR, X-ray diffraction (XRD), 

transmission electron microscopy (TEM), electron spin resonance, Fourier Transform IR (FT-IR), elemental 

analysis and X-ray photoelectron spectroscopy (XPS) investigation. In this model, GO consists of two distinct 

zones with trans-linked cyclohexane chairs and corrugate hexagon ribbons. The first domain consists of 

epoxides and hydroxyls meanwhile the second one of ketones and quinones (Figure 1.7a). Phenolic groups 

are also mentioned to explain the acidity of GO.63  

 Ajayan and coworkers proposed the seventh GO model in 2009 through a thorough magic angle 

spinning (MAS) NMR study. In this model, beside a majority of hydroxyls and epoxides, a minor 
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contribution of other functional groups is also considered, such as five- and six-membered ring lactols and 

ketones (Figure 1.7b).64 
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Figure 1.7 Schematic representation of a) the model proposed by Dékány et al. and b) the model proposed by Ajayan et al. Adapted 

from references 63 and 64, respectively. 

 

 The latest model of GO has been suggested by Tour and coworkers. They proposed a dynamic 

structure with an undefined set of functional groups. This structure constantly evolves in aqueous solvents. 

The driving force of the constant surface transformation appears to be an accumulation of negative charges 

on GO. The acidity of this structure is due to carbonyls associated with hydroxyls in form of vinylogous 

acids. Prolonged exposure to water degrades gradually GO, a process that appears to be slower in acidic 

conditions. This model explains also the reduction of GO under strong alkaline conditions, resulting in the 

formation of CO2 and vacancies.41 

 Even if there are many different models proposed in the literature, until today the precise structure 

of GO is still unknown. 

 

 1.4 Functionalization and characterization of graphene oxide  

Once GO is obtained from the strong oxidative process, it can be functionalized on the oxygen 

functionalities created all over its surface or onto the aromatic system that is left intact. Functionalization is 

often used in biomedical field to conjugate functional molecules, impart targeting capacity, or enhance the 

dispersibility of the final complex. The functionalization can be both covalent and non-covalent. In the first 

case a covalent bond is formed, in the second instead different weak interactions coexist. 

 It has to be noted that GO is often covalently or non-covalently functionalized prior reduction or it 

is reduced at the same time to restore the conductivity of the graphene structure. This is done to recover 

and exploit the thermal and electrical conductivity of this material. 

 

  1.4.1 Covalent functionalization and multifunctionalization   

Thanks to the presence of different types of oxygenated functional groups on GO, there are many 

possibilities of derivatization of this material. GO is more reactive compared to graphene towards 

functionalization, but considering its highly oxidized surface, many side reactions can happen. It is really 

difficult to obtain a good degree of selectivity due to the elevated number of groups. For this reason, it is 

strongly suggested to always perform control reactions. These are reactions performed in the same 

conditions, only by avoiding to add a fundamental reagent.   

 The principal groups already studied in the literature for GO functionalization are the epoxides, the 

hydroxyls and carboxylic acids. The hydroxyl groups are mainly localized on the core surface of GO. This 

group can undergo different reactions, such as silanization65, etherification66, phosphorylation67 and the 
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Ritter reaction.68 Silanes are very reactive toward protic groups. For example, N-[(3-

trimethoxysilyl)propyl]ethylenediamine triacetic acid has been attached onto GO through silanization to 

prepare an antimicrobial system. The final compound showed a higher antimicrobial activity that could be 

due to a synergistic activity of both GO and the ethylenediamine triacetic acid moiety.69 It is believed that 

the silanization is a two-step reaction. The first step is the hydrolysis of the trialkoxy groups of the silane 

followed by the reaction between the Si-OH groups and the hydroxyl groups of GO (Scheme 1.1). This 

reaction has been optimized in time by performing it under microwave irradiation.70 This optimized 

procedure allows to perform the reaction in a few minutes.  

 
Scheme 1.1 Silanization reaction on GO. (The reaction has been drawn only on one functional group for clarity reasons. Side 

reactions were not considered). 

 

Another reaction that has been performed on the hydroxyl groups is the Johnson-Claisen rearrangement 

(Scheme 1.2).71 This is a modified Claisen reaction in which an allylic alcohol with an orthoester is used. 

Only the allylic alcohols on GO undergo this reaction. Therefore, not all hydroxyl groups on GO are 

functionalized.  

Scheme 1.2 Johnson-Claisen rearrangement on GO. (The reaction has been drawn only on one functional group for clarity reasons. 

Side reactions were not considered). 
 

More recently, the Ritter reaction has been performed on GO (Scheme 1.3).68 In this reaction carbocations 

are produced on the basal plane of GO, which allow a nucleophilic attack by the nitrogen of a nitrile. An 

amide is formed after hydrolysis. This reaction has been performed with sulfuric acid and acetic acid at 

70°C, conditions that brought to the reduction of GO to restore the conductivity of this material.   

 
Scheme 1.3 Ritter reaction on GO.68 (The reaction has been drawn only on one functional group for clarity reasons. Side reactions 

were not considered). 
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Another approach recently mentioned to functionalize the hydroxyl groups is the phosphorylation 

performed to improve the adsorption capability of GO towards uranium (VI) from aqueous solutions.67 The 

reaction has been performed by mixing GO with concentrated phosphoric acid at 50°C (Scheme 1.4). 

 
Scheme 1.4 Phosphorylation of GO.67 (The reaction has been drawn only on one functional group for clarity reasons. Side reactions 

were not considered).  

 

 In most of the approaches mentioned in the literature, the molecules are grafted on the carboxylic 

acids. These groups are located mainly at the edges, and are commonly activated to form an ester or an 

amide. The amidation reaction has been performed on GO in both harsh and mild conditions (Scheme 1.5). 

In the first case the carboxylic acid is activated to acyl chloride using thionyl or oxalyl chloride. In the 

second case, coupling agents are employed. However, thionyl or oxalyl chloride can also react with the 

hydroxyl groups, causing side reactions.  

 
Scheme 1.5 Amidation approaches on GO: with coupling agents and via the formation of acyl chlorides. (The reaction has been 

drawn only on one functional group for clarity reasons. Side reactions were not considered). 

 

The esterification (Scheme 1.6), as the amidation reaction, has been performed using thionyl or oxalyl 

chloride. In this case, a base was used to deprotonate the alcohol to form the ester bond. Through these 

conditions a poly(3-hexylthiophene) molecule was grafted to GO, to design heterojunction photovoltaic 

devices.72 Alternative conditions are the Steglich esterification in which 1-(ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and 4-(Dimethylamino)pyridine (DMAP) are used as coupling 

agents. This reaction has been recently used by Mei et al. to perform a double functionalization on GO.73  

 
Scheme 1.6 Esterification approaches on GO: the Steglich conditions with coupling agents and the esterification with acyl chlorides. 

(The reaction has been drawn only on one functional group for clarity reasons. Side reactions were not considered). 

 

A further reaction performed recently on the carboxylic acid group is the Hunsdiecker reaction (Scheme 

1.7). This reaction has been performed by Jankovsky et al. obtaining brominated graphene.74 A high 

concentration of bromine was introduced on GO (bromine concentration of  ̴20 wt% for the most 

brominated graphene). Considering the low amount of carboxylic acid initially present on GO, it is possible 

that side reactions happened. The authors, indeed, mentioned the possibility of a direct bromination of the 

backbone and also the opening of the epoxides by bromine. 
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Scheme 1.7 Hunsdiecker reaction on GO. (The reaction has been drawn only on one functional group for clarity reasons. Side 

reactions were not considered). 

 

The addition of isocyanate compounds has been used in various GO derivatives (Scheme 1.8). Isocyanates 

can react with both carboxyl and hydroxyl groups with the formation of amides and carbamates, 

respectively.75,76 This reaction has been used to get pillared lamellar hybrid porous material.77 

 
Scheme 1.8 Isocyanate reactions on GO. (The reaction has been drawn only on one functional group for clarity reasons). 

 

 Another group on the surface of GO that has been investigated for functionalization is the epoxide. 

This group is mainly located on the basal plane. The epoxide ring has been mostly opened with amine-

terminated molecules or sodium azide (Scheme 1.9). Through this nucleophilic ring-opening chromophores 

and polymers have been introduced onto GO. Using this strategy, poly-L-lysine has been conjugated to GO 

to enhance its water dispersibility and biocompatibility.78 Graphene azide has been synthesized from GO as 

precursor for click chemistry by Halbig et al.79 

 
Scheme 1.9 Opening of epoxide ring on GO. (The reaction has been drawn only on one functional group for clarity reasons). 

 

Graphene iodide80, bromide81 and chloride82 were obtained starting from GO. In the first two cases iodine 

or hydroiodic acid or bromine or hydrobromic acid have been used. In the latter case the chlorination was 

performed using chlorine atmosphere or plasma assisted exfoliation. For all the three halogenation 

reactions, GO has been reduced and halogenated functions have been introduced with concomitant 

removal of the majority of oxygen functionalities.  

GO can be functionalized also on its carbon framework. Due to the fact that to interact with the 

aromatic system stronger conditions often have to be applied, the risk of side reactions is increased. For 

example, a combination of BuLi and a brominated derivative has been used on GO, leading to alkylation, 
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etherification and esterification at the same time.83 The use of highly reactive intermediates, such as 

diazonium salts84, carbenes85 and nitrenes86 to directly target the basal plane have been mostly applied to 

reduced GO (rGO) (Scheme 1.10). 

 
Scheme 1.10 Reaction on rGO with diazonium salts on the left and with carbenes on the right. (The reaction has been drawn only 

ones for clarity reasons. Side reactions were not considered). 

 

As it is possible to understand, due to its complexity, GO undergoes many different reactions. Thus, a 

thorough analysis of the final derivative is suggested to understand better the occurrence of the 

modifications. 

 

  1.4.2 Non-covalent functionalization  

Non-covalent functionalization of GO occurs through π-π interactions, electrostatic binding, H-bonding, as 

well as van der Waals, H-π, cation-π and anion-π interactions.87–90 For example, anticancer drugs were 

adsorbed onto PEGylated GO nanocarrier.91 The advantage of this non-covalent approach is that the GO is 

not modified in its structure nor further defects are introduced in the aromatic system. Moreover, 

therapeutic molecules can be easier desorbed from the GO surface. On the other hand, the main drawback 

is that these interactions are less stable than a covalent approach. This is really an important matter in the 

case of biomedical applications as, for example, the molecules can be desorbed from the surface of GO and 

released in the blood circulation. 

Lu et al. immobilized nucleobases and an aromatic dye via π-stacking onto GO to obtain a compound for 

sensing applications.92 They exploited the quenching effect of GO. Indeed, GO binds the dye-labeled single 

stranded deoxyribonucleic acid (ssDNA) and quenches the fluorescence of the dye until the binding of this 

complex is altered due to the presence of a target molecule, resulting in the restoration of the dye 

fluorescence. 

Enzymes instead were immobilized onto GO via electrostatic interactions and hydrogen bonds between the 

oxygen groups of GO and nitrogen groups of the enzymes.93 

The basal plane of GO, except for the oxygenated functional groups, has a relatively similar structure to 

graphene. Because of this similarity, van der Waals forces and π-π interactions can be exploited to 

immobilize molecules. But there are additional interactions from both hydrogen-bond donor and acceptor 

moieties of the oxygen bearing functional groups. To interact with the surface of GO, a molecule needs a 

hydrophobic character or/and a highly extended π-system or/and hydrogen-bond donor and acceptor 

moieties. Π-π Interactions are established if there is a π-system and if the molecule has the good geometry 

to interact. This last aspect differentiates GO from graphene, indeed, because of the presence of sp3 carbon 

atoms there are extended deviations in the planarity of GO. The role of the interactions between a 

molecule and the structure of GO in some cases can be so important to change the conformation of the 

molecules.94  
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  1.4.3 Main characterization techniques and characterization problematic  

 Different characterization techniques and analysis methods have been developed to better 

understand the structure and the behaviour of GO, and the researchers are still looking for new ones.  

We can divide the characterization techniques currently used into two groups: the first section determines 

the morphological characteristics of GO, and the second one establishes the kind and level of 

functionalization. In the first section we can mention the atomic force microscopy (AFM), TEM, the high 

resolution TEM (HRTEM) and the scanning electron microscopy (SEM). 

The second section comprises the solid state (SS) MAS NMR, TGA, FT-IR and XPS. 

Raman spectroscopy and the ultraviolet-visible (UV-Vis) spectroscopy instead are more difficult to classify 

for the characterization of GO. Indeed, both of them give partial information mainly concerning the degree 

of oxidation/defects of the GO.  

 By UV-Vis spectroscopy it is possible to detect two signals for GO. The first is a peak at 300 nm 

attributed to the n-π* transition of the C=O bonds, meanwhile the second is a peak at 224 nm due to the π-

π* transition of the C=C bond (Figure 1.8, left). 

 Raman spectroscopy is used to define the disorder and the order of the carbon skeleton. Graphene 

and GO display three main peaks: the D band at 1350 cm-1, the G band at 1580 cm-1 and the 2D band at 

2700 cm-1 (Figure 1.8, center). The G band is related to the sp2 structure. The D band, instead, is related to 

the sp3 carbon atoms, thus it gives information about the defect amount in the aromatic structure, 

meanwhile the 2D band is related to the number of layers of graphene materials. Considering that 

modification of GO is done often on the functional groups on its surface and not on the skeleton there is no 

substantial change in the Raman spectrum.  

For GO Raman spectroscopy is often exploited to calculate the ID/IG ratio. But, relying on a recent 

publication this method is not accurate.95 It seems that in the Raman spectra of GO the G peak is partially 

wrongly assigned. Apparently this peak at 1580 cm-1 is composed of two superposed signals, the G and the 

D' modes (Figure 1.8, right). The D' peak is proportional to the amount of defects, thus, considering the 

high defect densities in GO it is expected to contribute significantly to the peak at 1580 cm-1. 

 
Figure 1.8 UV-Vis spectrum of GO on the left and Raman spectra of GO in the center. On the right a Raman spectrum focused on 

the 1000-2000 cm-1 area with deconvolution to separate the D' from the G peak. Adapted from references 95–97.  

 

Cançado et al. recently developed a statistical method to establish the defect density percentage of 

graphene obtained after reduction of GO by analyzing Raman data.98 This technique is useful to determine 

if the produced graphene has still a good conductive sp2 framework (Figure 1.9), but it is of no interest for 

GO itself. 
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Figure 1.9 A) Raman spectra of rGO (left) and reduced oxoG (right) with simplified structural model and defect density calculated 

with the method of Cançado et al. in percentage and average distance of defects in nm; B) Raman spectra of graphene with LD 

(average distance of defects) values between 2 and 24 nm (defect density given in %). Adapted from reference 99. 

 

 AFM is a high-resolution method that is used to investigate the surface topology of graphene 

materials at a nanometer scale in 3D. It gives information about the lateral size and the thickness, thus 

affording the number of layers. 

 TEM gives similar morphological information to AFM, but only 2D (Figure 1.10, left). Moreover, this 

latter method gives also information about the purity of the sample. A HRTEM at atomic resolution 

provides instead more details on the skeleton of GO. It is possible to see, indeed, patches where 

oxygenated functions are localized, topological defects, holes, ad-atoms (single atoms lying on a surface), 

disordered regions and contaminated ones (Figure 1.10, right).99–101 

 
Figure 1.10 Left: TEM image of GO;63 Right: HRTEM of reduced GO ("(a, b) Dislocation dipole observed at two different times (b) 2 

minutes after a)) in the TEM. Each dislocation core consists of a pentagon-heptagon pair. The separation between the dislocation 

cores has increased, indicating that there is a significant amount of strain present. (c, d) Defect cluster, indicated by blue dashed 

lines. Yellow dashed lines indicate the regions with hexagonal lattice rotated to the dominant orientation (yellow solid lines for 

comparison). Red dashed lines indicate again distortions in the hexagonal lattice. Yellow arrows in (c) indicate strongly elongated 

carbon polygons. All scale bars are 1 nm"). Adapted from reference 101. 

 

 Through FT-IR it is possible to determine the functional groups of GO (Figure 1.11, left). But, due to 

the presence of adsorbed water on GO there is a strong signal of water in the spectra. The water is difficult 

to eliminate through thermal treatment because of the thermal instability of this material. In the spectrum 

of GO we can identify the signal of hydroxyl groups and adsorbed water at 3800-2200 cm-1, the one of the 

carbonyl group at 1714 cm-1, the skeletal vibration and the signal of oxygen surface compounds or trapped 

water at 1620 cm-1, the peak assigned to C-O bonds at 1063 cm-1 and to the epoxy and ether functionalities 

at 1266 cm-1.102  



Chapter 1 
INTRODUCTION 

14 

 
 TGA is often used for the characterization of carbon nanomaterials. It establishes the degree of 

oxidation or of functionalization, both covalent and non-covalent. Indeed, GO shows a typical thermal 

profile (Figure 1.11, right). There is a weight loss at low temperatures due to the release of water from GO 

(below 150°C). At higher temperatures we can see instead the weight loss due to non-covalently adsorbed 

molecules and labile oxygenated species and above 300°C the one of covalently attached molecules and of 

the more stable unreacted oxygenated groups. To determine the amount of molecules introduced, it is 

possible to compare the weight loss of the starting GO from the functionalized one. 

 
Figure 1.11 On the left the FT-IR spectrum of GO and on the right the TGA of GO and pristine graphite (PG). Adapted from 

references 103-104, respectively. 

  

 By analyzing GO via SSNMR it is possible to establish which functional groups are present. In the 

spectrum the signals at 60.9 ppm, 70.8 ppm and 167 ppm are attributed to the epoxides, the hydroxyls and 

the carboxylic acids, respectively. The peak at 133 ppm instead corresponds to the C-C double bond (Figure 

1.12). The difference between direct 13C SSNMR and 1H-13C cross polarization (CP) SSNMR relays on the fact 

that in 1H-13C CP SSNMR spectra the polarization of 1H, an abundant nucleus, is transferred to 13C a rarer 

one.  

 
Figure 1.12 Top: 1H–13C CP spectrum; Bottom: direct 13C pulse spectrum of GO. Adapted from reference 64. 

 

 XPS is a semi-quantitative spectroscopic technique that measures the kinetic energy and the 

number of electrons emitted from the material analyzed. This technique gives information about the 

elemental composition, the empirical formula, the chemical state and the electronic state of the elements 

in a sample. In the C1s spectral region of GO (Figure 1.13, right) it is possible to detect the signal of sp2 C-C 

at 284.5 eV, of sp3 C-C at 285.2 eV, of hydroxyl, epoxy, carbonyl and carboxylic acid groups at 286.4, 287.1, 

288.0 and 289.2 eV, respectively. In the survey instead it is possible to have an overview of all atoms 

present in the sample (Figure 1.13, left). 
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Figure 1.13 On the left the XPS survey spectrum of GO and on the right the carbon high resolution spectrum (ST= Staudenmeier's 

oxidation procedure; HO=Hofmann's oxidation procedure; HU=Hummers' oxidation procedure). Adapted from reference 105. 

 

 Even if, at a first glance, these characterization methods seem enough powerful for GO, there are 

few difficulties to consider, mainly about the precise determination of the structure before and after 

modification of this material. The interpretation of the experimental results for GO is often complex and 

ambiguous. Indeed, the FT-IR spectra are difficult to analyze because of the high amount of signals. 

Moreover, it does not give a quantitative information. The TGA shows the weight loss of the material, 

indicating the amount of molecules introduced, but because of the thermal instability of GO and the labile 

oxygenated species, there are many factors that can influence this weight loss. SSNMR is among all 

characterization methods the most useful, but it is time consuming, thus it cannot be performed for every 

sample. The XPS instead takes much less time, but the analysis of the data is quite complex. Attention has 

to be taken in the deconvolution of the spectra and the analysis conditions.  

Moreover, as recently published, GO is highly sensitive to modification that can occur during 

measurements, such as XPS, Raman and AFM.96 Thus, a constant verification is required. Heating, X-ray and 

laser irradiation or current flow can unintentionally affect GO and disturb the chemical and electronic 

structure.96 For all these reasons, the combination of several characterization techniques is of fundamental 

importance to avoid misinterpretation. Moreover, new characterization techniques have still to be 

developed and the already known ones should be improved.  

 

 1.5 Biocompatibility biodegradation and tissue/organ biodistribution  

 The assessment of the biocompatibility and biodistribution profiles of nanomaterials is a complex 

topic. The main difficulties are due to the high amounts of variables to consider, such as the nanomaterial 

surface area, the surface functionalization, the number of layers, the lateral dimension, the purity and the 

dose.106 All these factors are highly important to understand the ADME (Administration, Distribution, 

Metabolism, Excretion) of nanomaterials (Figure 1.14).  

 Another aspect that is important to underline is that GO, as we know, can have different 

characteristics depending on the synthesis procedure and on the starting graphite used. This makes it even 

more difficult to compare studies done by different laboratories.   

 The surface area plays a key role in the biological interaction of nanomaterials, and because of the 

high surface area of GO, surface phenomena such as physical adsorption are particularly important. The 
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number of layers determines instead the bending stiffness. If thin materials are quite deformable by weak 

forces, a multilayered structure may act as a rigid block when it interacts with cells. The 

rigidity/deformability and surface composition have an important role also in renal filtration. Lateral 

dimension is important because it modulates the uptake, renal clearance, blood-brain barrier transport, cell 

internalization mechanism and other bio-phenomena that are connected to the size. Surface chemistry and 

charge, like the surface area, strongly affect the biological interactions.106–108 Das et al. prepared GO with 

different reduction levels to understand the effect of the presence of oxygenated functions on the 

interaction with cells. They saw that a higher density of these oxygenated groups was associated with 

increased levels of ROS and with DNA damage within the cells.109 Moreover, a polar surface has shown a 

higher influence on hemolytic activity.110  

 
Figure 1.14 "A general overview of the influence of nanoparticle physiochemical characteristics (size, shape, and surface properties) 

on ADME. Abbreviation: RES, reticuloendothelial system". Adapted from reference 122. 

 

GO, even if stable in aqueous solution, has shown to be less stable in saline or culture medium, a 

characteristic that can be modulated by functionalization. Studies confirmed that functionalization with 

PEG, PEGylated poly L-lysine, Pluronic, amines, carboxylates and dextran improved the biocompatibility of 

graphene family materials.111–116 Surfactants, such as Tween 80, has been also used to improve the 
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biocompatibility of GO and avoid aggregation in vivo.117 A good dispersibility can influence also the 

biodegradation of this material.118  

The interaction with proteins in blood influences the half-lives and biodistribution of the nanoparticles, it 

increases their hydrodynamic size, affect their stability and it may induce nanoparticle recognition and 

clearance by phagocytes or macrophages. Interaction with proteins may also impact on the targetability of 

nanomedicines. The interaction with proteins is called protein corona formation and it happens as soon as 

serum proteins adsorb onto the surface of GO. PEG is used to reduce non-specific protein adsorption, but it 

does not completely prevent this phenomenon.119 At first, soft coronas are established and later they are 

replaced through competitive binding with more stable ones.120 To mitigate the cytotoxicity of GO, Hu et al. 

prepared a GO coated with foetal bovine serum proteins, exploiting the corona effect. They evaluated the 

toxicity using adenocarcinomic human alveolar epithelial (A549) cells. An exposure to 100 µg/ml showed 

almost 90% of cell viability with no membrane damage compared with pristine GO that showed a viability 

of only 50%.121 

Another key factor is the purity of the material; indeed, it has been shown that toxicity can stem also from 

some residues left from the strong oxidizing mixture used to synthesize GO, as for example manganese. 

Moreover, GO may mediate oxidative damages because of its significant catalytic activity.106  

 To analyze the toxicity of GO the best would be to have a well-established common procedure to 

obtain a biograde pure GO. Considering that until now there are only a lot of studies performed with 

different kinds of GO, without any standard, the analysis of the results of toxicity studies is still 

inconclusive. 

Moreover, depending on the wished application, different aspects of the biodistribution have to be 

considered (such as long-term toxicity for tissue engineering applications). For sensing applications only a 

small quantity of nanomaterial has to be investigated for toxicity, which is opposite to drug delivery and 

tissue engineering. For tissue engineering long-term toxicity studies are also necessary.108 

 In a recent study Peruzynska et al. tested single- and four-layer GO nanoflakes of similar length (1-

25 µm) before and after PEGylation on human breast cancer (MCF7) cells. They confirmed that 

functionalization enhances the dispersibility and stability of the nanomaterial in cell medium, preventing 

agglomeration and sedimentation. Thus, PEGylated GO showed lower impact in the mitochondrial activity. 

They observed that GO agglomerates have a higher affinity and attachment to the cells. However, it did not 

change the morphology of the cells. For PEGylated GO, only at the highest injection (100 μg/ml) the 

number of metabolically active cells decreased significantly. The number of apoptotic and necrotic cells 

was, however, negligible. Efficient cellular uptake was observed for both 1-layer and 4-layer GO-PEG. The 

difference between these two GO-PEG samples was seen only in the production rate of ROS and cell 

proliferation. Apparently, they observed a decreased oxidation stress in increasing the number of layers. 

The improved cell proliferation rate of the 4-layer GO-PEG has been explained by a lower adsorption ability 

and micronutrient depletion from the cell culture medium.123  

In a recent study, different size GO (lateral size of 89 nm and 277 nm) were tested inside human cervical 

(HeLa) cells and macrophages at a concentration of 1, 10 and 100 µg/ml.124 The results suggested a size-

dependent toxicity for an incubation time of 12 hours and a concentration-dependent toxicity for a longer 

incubation time (48 h). Size appeared to have low influence in the reduction of cell viability for longer 

incubation periods in both cell lines. A reduction in viability was observed in both cell lines after 48 hours at 

increased concentration. In HeLa cell line the nanoparticles were compartmentalized inside vesicles and 

appeared to be aggregated. For macrophages, the GO sheets were found inside big vacuoles, and an 

augmentation in cell size was also noticed. 

The important factors that allow GO to pass through cell membranes are the size, shape, coating, charge, 

hydrodynamic diameter, isoelectric point and pH gradient.125 To study the cell internalization, protein-
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coated GO nanosheets have been prepared. Large and small size GO have been compared (~400 nm and 

~800 nm, respectively). A size-dependent cellular uptake has been observed. Large protein-coated GO was 

mainly internalized by phagocytosis, meanwhile small protein-coated GO by clathrin-mediated 

endocytosis.126 This internalization could be also influenced by the coating.  

Once inside the cells GO might escape from subcellular compartments, move in the cytoplasm and 

translocate into the nucleus (GO can insert between the base pairs of the DNA showing a mutagenic 

effect),127–129 and it can undergo also oxidative degradation.130 In recent studies enzymatic degradation of 

GO resulted possible. Well-dispersed GO has been degraded by both horseradish peroxidase and a human-

derived myeloperoxidase in presence of H2O2.118 Degradation of GO samples has been demonstrated to be 

proportional to its hydrophilic nature and aqueous colloidal stability. Considering the tendency of these 2D 

carbon nanomaterials to accumulate in the body, this knowledge opens new options in the consideration of 

the biocompatibility of this type of material.  

After internalization, it has been observed that GO with larger lateral size (2 μm) can induce stronger 

inflammatory response with high release of cytokines.130 Interestingly, the response of immune cells, 

depending on the characteristics of graphene materials, such as lateral size, oxidation and 

functionalization, can be immunoactivating or immunosuppressing.131 Thus, studying and controlling these 

parameters is highly important.  

Another important cell interaction is the one with erythrocytes. The haemolytic potential of graphene 

family materials is dependent on their size and aggregation state. GO showed higher haemolysis than 

graphene, this could be due to the greater surface charge density. In addition, cells can interact with 

several ROS species that are present on the surface of GO, leading to greater haemolysis. An amino-

modified GO (2 μm) has been tested in vivo by Singh et al. and compared to GO and, opposite to the latter, 

it does not induce platelet aggregation nor thromboembolism.115,132 Thus, surface functionalization is an 

important aspect to avoid haemolysis.  

 However, GO interaction with cells is different if it is in suspension or in form of a substrate.133 In 

many studies of GO as platform for tissue engineering, this material showed to be more biocompatible. In 

this case GO is used as a solid support and, for example, thanks to the serum proteins adsorption on its 

hydrophilic surface, a good proliferation and differentiation of stem cells has been demonstrated.134  

 The administration route is another important parameter if we consider the in vivo toxicity of this 

nanomaterial. Tests were performed by administering GO and functionalized GO intravenously, 

intraperitoneally, orally, pulmonary and intravitreally.132 Single layer GO with a size of 100-800 nm and a 

thickness of 1 nm was intravenously injected in 1 and 10 mg/kg dosage.135 GO exhibited a long circulation 

time. At low dose the GO did not show pathological changes on kidney, liver, spleen and lungs. On the 

contrary, at high dose, due to high accumulation and slow clearance, GO accumulated in lungs resulting in 

pulmonary oedema, granulomatous lesions, inflammatory cell infiltration, and fibrosis. The biodistribution 

has been assessed by administering 188Re-labelled GO and this was observed to accumulate in the lungs, 

liver and spleen, and to be internalized by phagocytes in the reticuloendothelial system. In another study of 

Liu et al., by using two different samples of GO labeled with 125I (1-5 µm and 110-500 nm) in doses of 1 

mg/kg and 10 mg/kg, a size-dependent distribution was observed.136 Large GO accumulated more in the 

lungs, meanwhile small GO accumulated mainly in the liver but also in the lungs and spleen. This difference 

was attributed to a different aggregation state. Functionalized GO, though, as for example GO-DOTA, 

resulted not toxic and to have a different pharmacokinetic profile.137 The 111In-DOTA-GO, with a size of 50-

2000 nm, initially accumulated in the liver and spleen, and later a translocation to the spleen was observed. 

The sample was eventually extensively eliminated from the body via the urine. No organ damage was 

observed. Another study performed by Li et al. compared the biodistribution of nanoGO (NGO) (10-800 

nm) with or without PEG after intravenous injection in a dosage of 5 mg/kg.138 They observed that PEG 
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coating reduced the retention time in the liver, lung and spleen, and promoted the clearance, meanwhile it 

prolonged the blood circulation half-life of NGO.  

NGO sheet effect on reproduction organs has been studied by Akhavan et al. and it seemed to strongly 

affect spermatozoa and the pregnant functionality of female mice (2 and 4 mg/kg intravenous injection of 

NGO with lateral size >100 nm).139 Thus, further studies in this direction have to be performed with 

functionalized GO. 

When GO was administered orally, instead, no accumulation was observed. Meanwhile, when it was 

administered intraperitoneally an accumulation in the liver and spleen was noticed. This, for example, has 

been the case in the study of Yang et al. who tested 125I-GO and PEG-functionalized nanoGO (PEG-NGO) of a 

size of 450 and 25 nm, respectively, at a dosage of 50 mg/kg for both of them administered 

intraperitoneally, and 100 mg/kg for the latter one administered orally.140 After intraperitoneal 

administration non-functionalized GO could not be effectively absorbed because of aggregation, opposite 

to PEG-NGO. The PEG-NGO has been phagocytized in the RES system and, despite a long term retention, no 

significant toxicity was observed. PEG-NGO administered orally instead could not be absorbed by organs 

and was rapidly excreted.  

Recently, GO administered orally to maternal mice has been proven to seriously damage the 

gastrointestinal tract at low dose opposite to high dose. The explanation appears to be the agglomeration 

that happens at high dose, meanwhile at low dose single layers of GO interact with the gastrointestinal 

surface causing destruction because of the abundant sharp edges.141 

After pulmonary administration, GO leads to persistent lung injury. Indeed, Li et al. have analyzed a GO 

with a size of 10-800 nm at a dose of 1, 5, 10 mg/kg. They observed thickening of the alveolar septa and 

oxidative damage.142 GO permeated through the air blood barrier into the blood and to other organs before 

being eliminated in urines. However, GO was still localized in the lungs after 3 months, proving an 

incomplete clearance. Thus, care has to be taken during large-scale production of this material. 

No effect was seen instead after intravitreal administration by Yan et al. using a GO with a size of 50-500 

nm and a dose of 0.1, 0.2, 0.3 mg.143 

 The elimination and degradation of GO and its derivatives are still studied. Until now it seems that 

pristine GO has a size-dependent excretion between faeces and urine. DOTA-functionalized GO showed 

instead only urine excretion. Meanwhile, the degradation has been proved to be effective both in vitro and 

in vivo. Indeed, in vivo degradation conditions of carboxyl functionalized graphene (f-G) has been studied 

by Girish et al.144 They probed the fate of intravenously administered f-G material in mice model with the 

use of confocal Raman microscopy, observing an increase in the ID/IG ratio over a period of 8-90 days. 

 In conclusion, all the studies mentioned used GO samples with different characteristics, thus 

drawing a real conclusion appears to be a difficult task. Only one thing is sure: other investigations of this 

material should be performed with a more uniform starting GO. Moreover, functionalized GO seems to be 

more biocompatible, thus it appears to be promising for biomedical applications. 

 

 1.6 Objectives of the Thesis  

 This work has two main objectives that aim to better understand the structure and reactivity of GO. 

In particular, the first one is to assess the reactivity and surface composition of differently produced GO 

samples and the second one is to develop a multifunctionalization procedure on GO for future biomedical 

applications. In addition, chemical strategies to increase GO dispersibility and the functionalization of GO 

with DOTA for biodistribution studies have been also investigated. 

 GO is an emerging nanomaterial in many different fields, but there are still a lot of unsolved 

questions. GO, depending on the synthesis method, is supposed to have different oxygenated functions on 

its surface. The high variability of this material is a major issue, even more in the biomedical field. Thus, in 
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the first study we analyzed two differently synthesized GO to investigate the relation between synthesis 

method and surface composition. One has been purchased from Nanoinnova technologies (Spain) and the 

other from Grupo Antolin (Spain). The first one has been obtained through the commonly known Hummers 

method, meanwhile the second one via cutting and exfoliation of carbon nanofibers. Assessing the type 

and reactivity of the functional groups present is fundamental for further modification for future 

applications. To accomplish this, we followed in parallel two approaches, an analytical and a chemical one. 

We improved SSNMR and XPS analysis of GO and performed different selective covalent reactions on the 

oxygenated groups supposed to be present on the surface of the two GO samples. 

The reactions performed (Figure 1.15) are the ring opening of the epoxides with a primary amine, the 

amidation and esterification for the carboxylic acid groups, the Williamson and the esterification reactions 

for the hydroxyl groups and the Wittig reaction on the ketones. We discussed the results taking in 

consideration the difficulties related to the secondary reactions and other effects that could have an 

influence on the outcome of the reaction. Indeed, because of the high number of functional groups on GO, 

there are many limitations.  

 
Figure 1.15 Schematization of the reactions performed on GO. 

 

The functionalized GO samples have been characterized by different techniques such as Kaiser test, TGA, 

FT-IR, XPS and SSNMR. 

 Subsequently, we used one of the reactions, the opening of epoxides, to covalently attach 1,4,7,10-

tetraazacyclododecane-1,4,7,10 tetraacetic acid (DOTA) on three GO samples with a different size. DOTA is 

a radionuclide chelating agent. The purpose of this study was to better understand the in vivo 

biodistribution of functionalized GO samples with a different lateral size. GO is highly promising for 

biomedical applications thanks to its high surface area, tuneable conductivity, biodegradability and many 

other characteristics. But, the biocompatibility and biodistribution of GO have still to be better 

investigated. 

 In the second study we exploited the knowledge from the first study to develop a 

multifunctionalization procedure for GO. Multifunctionalization is a promising approach to design a 

combined strategy on GO materials for theranostic (combined therapeutic and diagnostic) applications.  

To develop the multifunctionalization protocol we investigated different approaches. We combined the 

reactions that gave the best results in the first study. We tried to perform the opening of the epoxides 

followed by the Williamson reaction. We tested these two reactions also in the inverse sequence and in 

one-pot conditions. Next, we performed also the opening of the epoxides followed by the esterification 

reaction. 

 After that, we faced another delicate problematic of GO, namely its dispersibility. Indeed, for 

biomedical applications, it is of fundamental importance to avoid aggregation because this can be a reason 

of toxicity. Moreover, it is often observed that after functionalization the dispersibility of GO decreases. 

Thus, to overcome this issue, we polymerized in situ on GO the glycidol molecule to obtain a polyglycidol-

covered GO conjugate (PG-GO). We chose polyglycidol because it is a highly water soluble and 

biocompatible polymer.  
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This PG-GO has been further derivatized with a kidney targeting peptide, and a multifunctionalization 

strategy is envisaged on this conjugate. 

 The Thesis is therefore composed of six chapters, as outlined: 

 Chapter 1 gives an overview on GO, in particular about the production, surface composition, 

functionalization, characterization, biocompatibility and bioapplications. 

 Chapter 2 discusses the surface composition and reactivity of differently synthesized GO samples 

via controlled chemical functionalization and different analytical techniques. The synthesis of the DOTA-GO 

derivatives and the biodistribution studies will be also mentioned in this chapter. 

 Chapter 3 describes the design of a double functionalization strategy on pristine GO and polymer-

coated GO (PG-GO) that has a higher water stability. 

 Chapter 4 explains how to improve XPS analysis for GO and other nanomaterials. Careful and 

thorough characterization is indeed important for a good comprehension of nanomaterial characteristics 

and their functionalization. 

 Chapter 5 reports general conclusions and perspectives of this thesis work. 

 Chapter 6 describes all the experimental procedures. 

Each chapter is followed by its own references. 
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CHAPTER 2: STUDY OF THE SURFACE CHEMISTRY OF GRAPHENE OXIDE 

 2.1 Introduction  

 GO is a promising nanomaterial in the biomedical field, but until today the surface chemistry is still 

unknown. The functional groups supposed to be present on GO are the hydroxyls, the epoxides, the 

carboxylic acids, the ketones and the lactones. But the type and quantity of these oxygenated groups on 

the surface of GO is variable. There are many factors influencing the surface composition, such as the 

oxidation procedure, the graphite used and the temperature (see parts 1.2 and 1.3). For these reasons we 

can find many different models in the literature trying to explain the composition of this material. Until 

today the most accepted model is the Lerf-Klinowski model in which there are hydroxyls and epoxides 

located on the basal plane and carboxylic acids localized at the edges. However, the precise atomic 

structure of graphene oxide remains still uncertain. Apart from the high variability of different GO samples, 

this is also due to a lack of sufficiently sensitive analytical techniques, to the complexity of this material 

related to its amorphous and berthollide character and to its high instability. As a matter of facts, the high 

instability of this material towards heating, X-ray and laser irradiation or current flow makes its 

characterization with the existing techniques, already complicated because of its complexity, even more 

difficult (see part 1.4.3).  

 Besides the surface composition, the biocompatibility and biodistribution of this material are of 

great importance in the biomedical field. Different studies have been reported in literature, but a high 

grade of purity and homogeneity of GO material is difficult to achieve. Therefore, the results obtained from 

the different studies are often contrasting.  

 

 2.2 Objectives of this chapter 

 With this study we would like to determine, in support of the classical characterization methods 

(e.g., FT-IR, TGA, XPS), the surface composition and reactivity of GO using selective chemical reactions for 

each functional group supposed to be present in the structure. Moreover, we would like to compare 

different GO samples to investigate the relation between the synthesis procedure and the surface 

composition. For this purpose we purchased two differently synthesized GO samples: one from Grupo 

Antolin and the other from Nanoinnova Technologies. The GO from Grupo Antolin has been obtained by 

cutting and exfoliation of carbon fibers, while the one of Nanoinnova Technologies was obtained through 

the Hummers' oxidation procedure. 

We performed the opening of the epoxides ring, the amidation and esterification on the carboxylic acid 

groups, the Wittig reaction on the ketone and the Williamson reaction and the esterification on the 

hydroxyl groups. We also included an improved SSNMR analysis of GO, in order to consolidate our data. 

 Furthermore, we exploited the opening of the epoxides for the biodistribution studies. To better 

understand the biodistribution of GO, we functionalized three highly water stable GO samples with 

different lateral sizes with a radionuclide chelating agent (i.e. a DOTA derivative). The purpose of this study 

was to investigate the relationship between the lateral size of the functionalized GO and the biodistribution 

and excretion profile of this material. 

  

 2.3 Results and discussion 

  2.3.1 Reactions performed on GO: Nanoinnova versus Antolin 

 To perform the study on surface composition, different aspects were carefully considered. Due to 

the high number of functional groups on the surface of GO, the selectivity of the reactions was taken into 

consideration. Highly selective reactions were chosen, and when not possible, potential side reactions were 

examined. Moreover, for all the reactions a control reaction was performed, to be sure that no side 

reactions and/or non covalent adsorption could happen. Control reactions are reactions performed in the 
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identical conditions of the reaction itself, but without a key reagent. These controls were also useful to 

establish if the reaction conditions affected the structure of GO. Indeed, besides the high number of 

different functional groups that can undergo side reactions, GO is highly sensitive to strong conditions that 

mainly cause the loss of the most labile oxygenated functions.  

 

   2.3.1.1 Epoxide versus carboxylic acid 

To functionalize graphene oxide, amino-terminated chains were chosen because they can be easily further 

functionalized for other purposes. Moreover, the presence of a primary amine makes it possible to assess 

the amount of molecules introduced on GO using a colorimetric test, namely the Kaiser test.1,2  

The opening of epoxides and the amidation reaction were performed in parallel. The amino-chain used for 

the amidation reaction can also react with the epoxide rings, thus this side reaction was considered. The 

amidation reaction (Scheme 2.1) was done by adding the di-tert-butyloxycarbonyl (Boc)-monoprotected 

2,2’-(ethylenedioxy)bis(ethylamine) (C1) with N-hydroxybenzotriazole (HOBt) and EDC as coupling agents 

(see procedure GO1 in Chapter 6).3  

 

Scheme 2.1 Amidation reaction (the reaction has been drawn only on one functional group for sake of clarity). 

 

The opening of the epoxides (Scheme 2.2) was performed in identical conditions, only without the coupling 

agents. Thus, only the Boc-monoprotected 2,2’-(ethylenedioxy)bis(ethylamine) (C1) was added in DMF at 

room temperature (see procedure GO2 in Chapter 6).  

A control reaction, GO2_CONT, was performed for both GO1 and GO2. This control reaction was 

performed in the same conditions of GO1 and GO2, without adding neither the coupling reagents nor C1. 

The purpose of this control reaction was to verify that the reaction conditions did not affect the structure 

of GO and that DMF did not adsorb on its surface. 

O

O

O

O

O

OH

OH

OH

OH

OH

OH

HO

OH

OH

OH

OH

OH

O

OH

HO
HO

O

HO O

HO

O

O

O

OH

O

OH

OH

OH

OH

OH

OH

HO

OH

OH

OH

OH

OH

O

OH

HO
HO

O

HO O

HO

H2N
O

O
NHBoc

1.

2. HCl in 1,4-Dioxane

HN
O

O
NH3

+
Cl
-

C1

GO2

O O

 

Scheme 2.2 Opening of epoxide (the reaction has been drawn only on one functional group for sake of clarity). 

 

If we have a look to the Kaiser test results obtained after Boc deprotection (see BD procedure in Chapter 6), 

it is possible to notice that the loading was similar for both reactions, namely the opening of the epoxides 

and the amidation reaction (Table 2.1). If we consider that the opening of the epoxides happens as side 

reaction of the amidation, and that the loading of GO2 was 262 µmol/g for Antolin (Ant) and 240 µmol/g 

for Nanoinnova (NI), then the carboxylic acid functionalization resulted negligible for NI and more 
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important for Ant. Indeed, by subtracting the value of GO2 from that of GO1, we obtain 123 µmol/g for Ant 

and 35 µmol/g for NI. This result shows that the carboxylic acid is present only in a lower amount 

compared to the epoxides, and that there is a higher number of carboxylic acids on the surface of GO-Ant 

compared to GO-NI. 

Table 2.1 Kaiser test data 

 Antolin NanoInnova 

Opening of epoxides (GO2) 262 µmol/g 240 µmol/g 

Amidation (GO1) 385 µmol/g 275 µmol/g 

Esterification 98 µmol/g 41 µmol/g 

 

To confirm this first result, the esterification reaction was performed on the carboxylic acids (Scheme 2.3). 

The reaction was done using the Steglich conditions (see procedure GO3 in Chapter 6), with EDC and DMAP 

as coupling reagent to attach a Boc-protected 4-amino-1-butanol (C2). A control reaction was done, 

GO3_CONT, to verify if C2 was adsorbed onto the GO surface. GO3_CONT was performed in the same 

conditions of GO3, without adding the coupling reagents. 

 

Scheme 2.3 Esterification reaction (the reaction has been drawn only on one functional group for sake of clarity). 

 

The value obtained by Kaiser test after Boc deprotection (see BD procedure in Chapter 6) confirmed the 

results calculated by comparing the amidation reaction with the epoxide opening, with a loading of 98 

µmol/g for the GO3-Ant and 41 µmol/g for GO3-NI. 

 From these results, we can conclude that there is a high number of epoxides on both GO samples, 

and only a low amount of carboxylic acids. Again, the results of the esterification show a slightly higher 

number of carboxylic acids for GO-Ant. 

The overall outcome of the reactions was confirmed also by XPS analysis. In the survey spectra it is possible 

to identify the signal of the nitrogen present in the molecule covalently bound (Figure 2.1). For the 

amidation reaction 3% and 2.3% of nitrogen were identified for GO1-Ant and GO1-NI, respectively. For the 

opening of the epoxides, instead, 1.9% and 3% of nitrogen were found for GO2-Ant and GO2-NI, 

respectively. In the XPS spectra of the GO2_CONT reaction we can see that the reaction conditions did not 

strongly affect the structure of GO. Moreover, there is no residual DMF in the sample because no nitrogen 

was detected in the XPS spectra of GO2_CONT. 
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Figure 2.1 XPS survey spectra of GO1, GO2 and GO2_CONT on Antolin and NanoInnova. 

 

In the high resolution spectra of the C (1s) peak (Figure 2.2) five peaks were identified, one for the carbon-

carbon sp2 and sp3 bond, one for the carbon-nitrogen bond, one for the epoxide and hydroxyl bond, one for 

the ketone and carboxylic acid and one for the π-π* transition. Due to the fact that the C-N bond, placed 

around 286 eV, is in an area where other two peaks overlap, there is a high imprecision in the identification 

of this peak. Nevertheless we could identify this signal in the spectra of the functionalized samples. 
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Figure 2.2 XPS carbon (1s) high resolution spectra of GO1, GO2 and GO2_CONT on NanoInnova and Antolin. 
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 For the esterification reaction, 1.6% and 1.5% of nitrogen were detected in the survey spectra of 

GO3-Ant and GO3-NI, respectively (Figure 2.3). These results confirm a lower amount of carboxylic acids on 

the surface of GO compared to the epoxides. Also in this case the absence of nitrogen in GO3_CONT 

confirms that both alcohol derivative C2 and residual DMF did not adsorb onto GO. In the carbon high 

resolution spectra of GO3-Ant and GO3-NI, the C-N bond could be identified in low amount, in line with the 

results already obtained. 
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Figure 2.3 XPS survey and carbon (1s) high resolution spectra of GO3-Ant and GO3-NI.  

 

FT-IR spectroscopy was then used to characterize the samples. By observing the spectra (Figure 2.4) it is 

possible to see an elevated number of signals. This is due to the complexity of the structure of GO and to 

the high number of functional groups present. In addition, the water adsorbed onto the surface of GO 

covers most of the region around 3000 cm-1. For all these reasons, the FT-IR spectra are difficult to 

interpret. 

It is rather complicated to follow the opening of the epoxides, because the band that could be assigned to 

the C-O-C vibration band of the epoxide (at ~1225 cm-1) is small and covered by other bands. Nevertheless, 

the appearance of the bands at ~2918 and 2850 cm-1 of the methylene groups of C1 can be detected in the 

spectra of GO1 and GO2, more intense in the case of Antolin compared to NanoInnova, confirming the 

introduction of this molecule in both reactions. Moreover, the band at ~1720 cm-1, usually assigned to the 

ketones and quinones, and visible in the starting material, disappears after functionalization in both GO1 

and GO2. This proves the labile character of these groups. 



Chapter 2 

STUDY OF THE SURFACE CHEMISTRY OF GRAPHENE OXIDE 

34 

 

 
Figure 2.4 FT-IR spectra of GO, GO1 and GO2 for NanoInnova and Antolin. 

 

 Through TEM it is possible to confirm that the morphological characteristics of GO were preserved 

after derivatization (Figure 2.5). Similarly, by Raman spectroscopy, we can see that the amount of defects 

did not change after functionalization (Figure 2.6).  

a) b) c)  

d) e)   f)   

Figure 2.5 TEM images of GO-NI (a), GO1-NI (b), GO2-NI (c), GO-Ant (d), GO1-Ant (e), GO2-Ant (f). 

 
As mentioned in the introduction (part 1.4.3), Raman spectroscopy is usually used to establish the degree 

of disorder by calculating the intensity ratio between the D band (~1350 cm-1) and the G band (~1600 cm-1). 

For GO this ratio is already high and there is no clear change after functionalization, meaning that the new 

defects have not been introduced, nor has GO been reduced. 
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Figure 2.6 Raman spectra of GO, GO1, GO2 for NanoInnova (a) and Antolin (b). The spectra were normalized to the G band 

intensity. 

 

The thermal profile was assessed by TGA under nitrogen atmosphere (Figure 2.7). TGA is often used to 

establish the level of functionalization on carbon nanomaterials. In the case of GO this is rather difficult 

because of its thermal instability. In the thermogram of GO there are three steps of degradation. The first 

below 100°C is attributed to the loss of adsorbed water and some labile oxygen containing functions. 

Around 200°C there is the main weight loss, which is ascribed to the decomposition of other labile oxygen 

functionalities. The weight loss above 250°C can be assigned, instead, to the loss of the more stable 

oxygenated functional groups. Control reactions are of fundamental importance to interpret the TGA data, 

because of the instability of GO. Indeed, by comparing the starting GO with GO2_CONT, it is possible to 

notice a higher thermal stability of the GO2_CONT due to the loss of some labile oxygenated species, even 

though the conditions used for the reaction were mild (i.e. at room temperature).  

 

 
Figure 2.7 TGA of a) and b) C1, GO, GO1, GO2, GO2_CONT; c) and d) GO3, GO3_CONT for NanoInnova and Antolin. 
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There is no significant difference between the functionalized samples and the controls below 200°C 

(degradation temperature of C1); this suggests that the molecules have been grafted in a covalent way. 

(Figure 2.7). For GO-NI the introduction of C1 is confirmed also by the higher weight loss of deprotected 

GO1-NI and GO2-NI compared to GO2_CONT-NI. The thermogravimetric curves of deprotected GO1-NI and 

GO2-NI are quite similar. Again, this indicates that the amount of C1 introduced through amidation 

reaction was very low.  

For GO-Ant, the interpretation of the TGA data is less clear (Figure 2.7 right). Indeed, the weight loss 

difference between deprotected GO1-Ant, GO2-Ant and GO2_CONT-Ant is not really significant. As 

previously mentioned, due to the thermal instability of GO, the interpretation can be quite difficult. This is 

also the case of GO3. Indeed, there is almost no difference between GO3 and GO3_CONT for NanoInnova 

and also for Antolin. This is ascribed to both, the low molecular weight of the molecule and the really low 

amount of functionalization. Thus, it seems that TGA is not an appropriate technique to establish the level 

of functionalization for GO samples in case molecules of low molecular weight are used because of the 

thermal instability of GO. 

 

   2.3.1.2 Carboxylic acid versus opening of the epoxides: use of long PEG chains 

To further prove the covalent grafting via opening of the epoxides through TGA, this reaction was repeated 

using a polyethylene glycol (PEG) chain with a molecular weight of ~1000 (Scheme 2.4). The reaction was 

performed in the same conditions of GO2 by adding to GO-NI a mono-aminated long PEG chain, namely the 

aminopolyethylene glycol monomethyl ether (see procedure GO4 in Chapter 6).3  

  
Scheme 2.4 Opening of epoxide GO4 (the reaction has been drawn only on one functional group for sake of clarity). 

 

PEG chains have the propensity to adsorb on GO, for this reason a control reaction was done (Scheme 2.5).4 

The control was accomplished using similar conditions to GO4, only adding poly(ethylene glycol) dimethyl 

ether (MW~1000) at the place of aminopolyethylene glycol monomethyl ether (see procedure GO5 in 

Chapter 6).3 

Scheme 2.5 Adsorption control GO5 (red serpentines represent long PEG chains adsorbed on the surface of GO). 
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Both GO4-NI and GO5-NI were characterized by TGA under an inert atmosphere, and the thermal curves 

were compared to GO2_CONT-NI (Figure 2.8). GO5-NI displays a similar weight loss compared to 

GO2_CONT-NI, proving that, with the reaction and purification conditions used, this PEG chain did not 

adsorb onto GO-NI. The thermal profile of GO4-NI is instead different. There is a lower weight loss below 

100°C compared to GO-NI and GO2_CONT-NI, probably due to a lower amount of adsorbed water caused 

by the presence of PEG molecules onto GO. In addition, there is an important weight loss around 250-400°C 

that can be assigned to the removal of the covalently introduced PEG derivative. 
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Figure 2.8 TGA for GO4, GO5, GO2_CONT, and GO on NanoInnova. 

 

This results confirmed that the epoxide functional groups are present on GO and are opened by an amino-

chain and that TGA can be a useful technique to characterize GO derivatized with high molecular weight 

molecules. 

 

   2.3.1.3 Carboxylic acid versus opening of the epoxides: a SS NMR study 

As already mentioned in the introduction (part 1.4.3), SS MAS NMR is an interesting characterization 

technique used to establish the types of functional groups present on GO. In collaboration with Jésus Raya 

of the University of Strasbourg, we investigated the structure of both GO samples, NanoInnova and Antolin, 

using this spectroscopic technique to obtain additional information and try to elucidate the chemical 

structure of GO.3 We performed also an advanced SSNMR 2D 1H-13C correlation experiment, namely a 1H-
13C Frequency-Switched Lee Goldburg HETeronuclear CORrelation (FSLG-HETCOR) at high magnetic field 

and spinning speed.5 Figure 2.9 clearly shows how very high fields (17.6 T) in 2D HETCOR experiments with 

FSLG irradiation during the evolution time gives an unattained resolution for proton in the solid state for 

this kind of materials. As a matter of fact, thanks to the combination of the high field, the 30 kHz MAS 

spinning speed and the careful set FSLG proton-proton decoupling, a 0.05 ppm resolution was reached.  
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Figure 2.9 a) 13C NMR and 1H-13C correlation spectra of GO-NI with magnification on the C-O region and a tentative chemical 

structure of GO; b) 13C NMR and 1H-13C correlation spectra of GO-Ant. 

 

To sort out most of the carbon atoms (that are unprotonated), an optimal Cross-Polarization (CP) contact 

time of 2 ms was applied. Under these conditions weak proton dipolar coupled rare spins, like carbonyls, 

give also rise to rather well detectable cross-peaks.  

The FSLG-HETCOR spectrum (Figure 2.9) is a clear reflection of the complexity of the chemical environment 

of the carbon and hydrogen atoms present onto GO, for both NanoInnova and Antolin. Between 55 and 75 

ppm, region of the aliphatic carbons, it is possible to detect around 25 cross-peaks that are associated with 

the spatial proximity and close contact between protons and carbons in C-OH and C-O-C groups. Between 

125 and 135 ppm, region of the aromatic carbons, it is possible to count 13 cross peaks. They are generated 

by the spatial contact between the protons, most probably on the hydroxyl functional groups and the 

aromatic carbon double bonds. In both regions a certain number of peaks are also due to the presence of 

adsorbed water molecules, making a thorough description of the chemical structure difficult. In the upper 

right corner of figure 2.9, there is a possible chemical structure that could explain the proximity between 

the sp2 and sp3 carbons and the protons of the hydroxyl groups. This structure is based on the chemical 

shifts of the protons that cross-correlate with carbons on the same graphene sheet. The protons of the OH 

groups that are between 4.5 and 7.5 ppm can generate cross-peaks with the carbon in the aliphatic (55-70 

ppm) and aromatic regions (125-135 ppm). Interlayer spatial interactions are also possible. 
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Figure 2.10 Quantitative 13C SS MAS NMR of NanoInnova (a) and Antolin GO (b) and respective percentages of the different peaks 

(the chemical shift assigned to C=O is reported in red). 

 

In figure 2.10 the quantitative 13C SS MAS NMR are reported. In good agreement with the data reported in 

the literature, the peaks at 60.9 ppm and 70.8 ppm can be assigned to the epoxide and hydroxyl groups, 

respectively.6–8 The peak located at 129.4 ppm is attributed instead to C=C double bonds, while the weak 

broad peak around 90-100 ppm could be assigned to lactols.9,10 Carbonyl groups are instead localized 

around 160-190 ppm.10 The difficulty to clearly identify a peak in this region confirms the absence or the 

very low amount of carboxylic acids.9  

By integrating, after fitting, all the peaks in the quantitative 13C spectra, it was possible to calculate the 

percentage of all peaks (Figure 2.10 bottom). The percentage of carbonyl groups (e.g., carboxylic acids and 

ketones) was very low, 3.5% for GO-NI and 2.5% for GO-Ant. Thus, the MAS NMR experiments confirmed 

that the presence of the carboxylic acid group is negligible. 

 

 
Figure 2.11 Qualitative 13C SS MAS NMR of opening of epoxides and starting materials for NanoInnova (left) and Antolin (right). 

Yellow arrows point on the decrease of the epoxide groups, blue arrows on the comparison of the methylene and methyls groups 

of C1. 

 

A qualitative 13C SS MAS NMR spectra of GO2 was taken for both NanoInnova and Antolin, and compared 

to the qualitative spectra of the respective starting material. An important decrease in the signal of the 

epoxide (~60 ppm) can be observed for both materials, meaning that the epoxide ring was opened by the 

amine derivative C1. Moreover, new signals appeared at ~30 and 40 ppm, that can be attributed to the 

methylene groups in alpha position to the nitrogen atoms and the methyls of the Boc group of C1. 
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This new peaks can be detected also in the FSLG-HETCOR spectra of GO2-NI and GO2-Ant (Figure 2.12). 

 

Figure 2.12 1H-13C correlation spectra of Antolin on the left and NanoInnova on the right. In black the starting material and in red 

the functionalized GO2.  

 

The MAS NMR experiments demonstrate that the reaction between GO and an amino-derivative occurs 

mainly via ring opening of the epoxide groups and not through amidation. Moreover, besides the low 

amount of carboxylic acids, they also prove the presence of the epoxide and hydroxyl groups in both 

samples, in an amount of 29.7% and 30.5% for GO-NI, and of 34% and 15% for GO-Ant, respectively. 

 

   2.3.1.4 Reactivity of the hydroxyl groups 

To study the reactivity of the hydroxyl groups on the surface of GO, two reactions were performed, namely 

the Williamson and the esterification reaction. 

The Williamson reaction (Scheme 2.6) was performed by adding a Boc-protected 4-iodo-butylamine (C4) 

with potassium carbonate as a base (see procedure GO6 in Chapter 6). The basic conditions permit the 

deprotonation of the hydroxyl groups, which can undergo a substitution reaction with the iodo-compound. 

We chose K2CO3 and not stronger bases to avoid side reactions. Hypothesizing that the hydroxyl functions 

are phenolic, a base with lower pKa should be enough to perform the reaction. 
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Scheme 2.6 Williamson reaction (the reaction has been drawn only on one functional group for sake of clarity). 

 

The reaction was first performed at 80°C (GO6-80-NI), but at this temperature GO is partially reduced, as it 

can be observed in the thermogravimetric curves (Figure 2.13 right). Indeed the C/O ratio calculated by XPS 

augments from 2.2 of the starting material to 3.5 after derivatization (Table 2.2).  

Thus, an optimization study of the reaction conditions was carried out on NanoInnova GO. The reaction 

was performed at 60°C, 40°C and at room temperature. Following the literature, the reaction at room 

temperature was performed also with Cs2CO3, which has been reported to promote the O-alkylation of 

phenols.11 
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Table 2.2 Optimization conditions for the Williamson reaction with Kaiser test and XPS data. 

Name Temperature Base Kaiser test (µmol/g) C/O (XPS) %N (XPS) 

GO-NI - - - 2.2 - 

GO6-80-NI 80°C K2CO3 69 3.5 1.77 

GO6-60-NI 60°C K2CO3 92  2.6 1.02 

GO6-40-NI 40°C K2CO3 123 2.8 0.87 

GO6-RT-NI RT K2CO3 132 3.0 0.65 

GO6-RT2-NI RT Cs2CO3 106  2.7 0.68 

 

If we look at the Kaiser test values after deprotection (see BD procedure in Chapter 6), we can observe that 

the loading increases by decreasing the temperature (Table 2.2). The highest loading was obtained by 

performing the reaction at room temperature with potassium carbonate (GO6-RT-NI). If we compare the 

Kaiser test data with the nitrogen percentage calculated from the XPS survey spectra, it is possible to see 

an inverted tendency. Indeed, the percentage value of nitrogen decreases by decreasing the temperature. 

This could be explained by the fact that there is a loss of CO and CO2 functions from GO at increased 

temperature (over 50°C), thus besides the introduction of nitrogen at high temperature there is also the 

elimination of carbon and oxygen.12  
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Figure 2.13 (Left) C (1s) high resolution XPS spectra of the optimization study; (Right) TGA of the reactions for the optimization 

study. 

 

In addition, the reduction of GO under heating was confirmed by TGA and by the XPS carbon high 

resolution spectra (Figure 2.13). In the latter there is a temperature-dependant change of intensity of the 

peak in the C-O region. Meanwhile, in the former, GO6-80-NI and GO6-60-NI show a higher thermal 

stability, consistent with reduction.  

Even though cesium was demonstrated to have a high sorption capacity onto GO, no residual cesium was 

detected in GO6-RT2-NI by XPS.13 However, on GO, the use of cesium carbonate did not show 

improvements in the loading compared to the use of potassium carbonate. Thus, GO6-RT-NI was used for 

the subsequent studies. From here on, GO6-RT-NI will be named GO6-NI. 

Once the optimal conditions were chosen, two control reactions were performed. GO6_CONT1-NI was 

done to test if the base could affect the structure of GO. GO6_CONT2-NI was instead done without using 

the base to verify that C4 does not adsorb onto the surface of GO. Both controls displayed a higher thermal 

stability compared to the starting material, due to the loss of some labile oxygenated functions, that occurs 

even at room temperature, as already observed in the control reaction of the opening of epoxides. 

Moreover, they showed a similar thermal profile, thus the GO structure was not affected by the basic 

conditions. However, TGA was not conclusive to confirm neither the positive outcome of GO6-NI nor the 

potential adsorption, because of the low molecular weight of C4 (Figure 2.14 left). 
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Figure 2.14 TGA of GO, GO6 and GO_CONT of NanoInnova and Antolin. 

 

The Williamson reaction was performed also on the Antolin GO (GO6-Ant), with GO6_CONT1-Ant as a 

control. In the case of GO6-Ant, its thermal profile showed a higher weight loss compared to the control, 

confirming the positive outcome of this reaction (Figure 2.14 right). The difference between GO6-NI and 

GO6-Ant in TGA could be explained by the higher loading for GO6-Ant. Indeed, the loading established by 

the Kaiser test after Boc deprotection (see BD procedure in Chapter 6) (Table 2.3) was 190 µmol/g for GO6-

Ant compared to 132 µmol/g of GO6-NI. 
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Figure 2.15 XPS survey and C (1s) spectra for the Williamson reaction of NanoInnova and Antolin. 
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In the XPS survey spectra a percentage of 0.96 and 1.25 of nitrogen was detected for GO6-NI and GO6-Ant 

respectively, in line with the results already obtained (Figure 2.15). Moreover, the C-N bond was identified 

in the carbon high resolution spectra, confirming the introduction of C2 on GO via the Williamson reaction.  

 

Table 2.3 Kaiser test data for the Williamson and the esterification reaction. 

 NanoInnova Antolin 

Williamson 143 µmol/g 190 µmol/g 

Esterification 165 µmol/g 136 µmol/g 

 

Overall, the characterization of GO6 by TGA, the Kaiser test and XPS indicates a higher number of hydroxyls 

on GO-Ant compared to GO-NI. 

 As already mentioned before, besides the Williamson reaction, an esterification reaction was also 

carried out on the hydroxyl groups. The esterification reaction (Scheme 2.7) was performed by adding Boc-

protected aminocaproic acid (C5) with, as coupling reagents, EDC and DMAP (see procedure GO7 in 

Chapter 6). Furthermore, a control reaction was performed without adding the coupling reagents to check 

if C5 has a tendency to adsorb onto GO (GO7_CONT).  

By Kaiser test a loading of 165 µmol/g and 136 µmol/g was calculated for GO7-NI and GO7-Ant, 

respectively, after Boc deprotection (see BD procedure in Chapter 6), confirming the positive outcome of 

this reaction (Table 2.3). 

 Scheme 2.7 Esterification reaction (the reaction has been drawn only on one functional group for sake of clarity). 

 

In the TGA, as already observed before, the control reaction shows a higher thermal stability compared to 

the starting material, most probably due to the elimination of some labile functional groups from GO, even 

at room temperature. The thermogravimetric curves of both GO7-NI and GO7-Ant are similar to their 

control reactions, probably due to the low molecular weight of C5. GO7-Ant shows a slightly higher weight 

loss (between 200-400°C) compared to GO7_CONT-Ant, that could be due to the loss of C5 (Figure 2.16 

right). Instead, GO7-NI displays a different lineshape compared to its control in the same temperature 

interval, that could be assigned to C5 (Figure 2.16 left). However, the total weight loss of GO7-NI is lower 

compared to GO7_CONT-NI in the same temperature range, suggesting a lower functionalization for GO7-

NI compared to GO7-Ant. This is in agreement with the results obtained with GO6-NI versus GO6-Ant, 

confirming a higher number of hydroxyls for GO-Ant. Moreover, also in quantitative SS MAS NMR a slightly 

higher percentage of hydroxyls on GO-Ant was calculated, ~34% versus ~30% of GO-NI (Figure 2.10). 
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Figure 2.16 TGA of GO7, controls and starting material on NanoInnova and Antolin. 

 

Similar results were obtained by establishing the atomic composition of GO7 via XPS analysis. Indeed, the 

amount of nitrogen found by XPS was 2% for GO7-NI, while it was 2.4% for GO7-Ant (Figure 2.17). No 

nitrogen was detected instead in GO7_CONT for both NanoInnova and Antolin, confirming the covalent 

introduction of C5. In addition, in the carbon high resolution spectra it is possible to identify the signal of 

the C-N bond around 286 eV for both GO7-NI and GO7-Ant. 
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Figure 2.17 XPS survey and high resolution C (1s) spectra of GO7 and GO7_CONT on NanoInnova and Antolin. 
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FT-IR spectroscopy was performed to identify the ester bands in GO7-NI and GO7_CONT-NI (Figure 2.18). 

But, due to the complexity of GO, no significant changes were detected on GO7-NI compared to the control 

reaction in the ester region (1735-1750 cm-1 for C=O bond and 1000-1300 cm-1 for the C-O bond). The only 

significant new peaks that appear in GO7-NI are the one at ~2918 and ~2850 cm-1 of the alkyl C-H stretch of 

C5. For this reason, FT-IR spectroscopy characterization was not performed on GO7-Ant. 
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Figure 2.18 FT-IR spectra of GO, GO7 and control on NanoInnova. 

 

A qualitative 13C SS MAS NMR was taken for both GO7-NI and GO7-Ant to confirm the introduction of C5 

via esterification. In the following spectra (Figure 2.19) we can observe two signals at around 25 and 40 

ppm that can be assigned to C5, while around 160 ppm it is possible to identify for GO7-Ant a peak with 

lower intensity that can be assigned to the ester function (Figure 2.19 left).10 For GO7-NI instead this peak 

is not visible without fitting of the data (Figure 2.19 right). This difference between the two spectra is 

probably due to the level of functionalization, confirming a higher functionalization with C5 for GO7-Ant 

compared to GO7-NI, in agreement with XPS and TGA results. Thus, using this technique, it is possible to 

confirm the covalent introduction of C5 through esterification if introduced above a certain amount. 

 
Figure 2.19 Qualitative 13C SS MAS NMR spectrum of GO7-Ant (left) and GO7-NI (right). 

 

  Therefore, the presence of the hydroxyl groups was confirmed in both Antolin and NanoInnova GO 

by SS MAS NMR. These groups are reactive towards functionalization via the Williamson and esterification 

reactions, with an average level of functionalization of the hydroxyl groups of 154 µmol/g for GO-NI and of 
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163 µmol/g for GO-Ant. In addition, Antolin GO showed a slightly higher amount of this group using both SS 

MAS NMR analysis and surface investigation through chemical reactions. 

 

   2.3.1.5 Investigating the presence and reactivity of the ketone 

To investigate the presence of ketones onto GO, the Wittig reaction was tested (Scheme 2.8). This reaction 

was performed in dry conditions with (4-amino-butyl)-triphenyl-phosphonium iodide (C6) and Potassium 

bis(trimethylsilyl)amide (KHMDS) as a base (see procedure GO8 in Chapter 6). KHMDS was employed 

because of its sterical hindrance, to avoid undesired side reactions between the base and other oxygenated 

groups present on the surface of GO. A control reaction was performed without C6 to verify that the base 

did not provoke changes in the structure of GO (GO8_CONT).  

 Scheme 2.8 Wittig reaction (the reaction has been drawn only on one functional group for sake of clarity). 

 

The values calculated by the Kaiser test after Boc deprotection (see BD procedure in Chapter 6) were 22 

µmol/g for GO8-NI and 26 µmol/g for GO8-Ant (Table 2.4), showing that the ketones are present in very 

low amount on the surface of both starting materials, or that the ketones present are not reactive enough 

towards the Wittig reaction. 

 

Table 2.4 Kaiser test data for GO8 on NanoInnova and Antolin. 

 NanoInnova Antolin 

Wittig reaction 22 µmol/g 26 µmol/g 

 

By XPS a really low amount of nitrogen was detected, around 0.5% for both GO8 samples (Figure 2.20). 

Moreover, no C-N bond was identified in the carbon high resolution spectra.  
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Figure 2.20 XPS survey and high resolution C (1s) for GO8 on Antolin and NanoInnova.  
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The TGA shows for both graphs in figure 2.21 a similar thermal curve between GO8 and GO8_CONT. 

However, the curve of GO-NI shows a more important weight loss for GO8-NI compared to its control. As 

already discussed before, TGA is not the appropriate characterization techniques for functionalization of 

GO with low molecular weight molecules. Thus, this little weight loss difference could be attributed to 

both, the adsorption of C6 on the sample and the variability of GO samples. 
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Figure. 2.21 TGA of GO8, control, and starting materials. 

 

GO8-NI was characterized also through FT-IR spectroscopy and compared to GO8_CONT-NI (Figure 2.22). 

Between the two spectra no significant differences can be observed, confirming a negative outcome of the 

reaction. 
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Figure 2.22 FT-IR for GO8 and control on NanoInnova. 

 

  2.3.4 Exploiting the opening of epoxide for a biodistribution study 

To study the biodistribution of GO in organs and tissues after administration into mice, three GO with 

different lateral sizes were derivatized via the opening of the epoxides with a commercially available NH2-

PEG4-DOTA derivative (see procedure GO9 in Chapter 6). DOTA are good chelating agents, facilitating their 

use for radiolabelling and in vivo imaging. 



Chapter 2 

STUDY OF THE SURFACE CHEMISTRY OF GRAPHENE OXIDE 

48 

 

N
N

N
N

OHO

HO

O

HO O

HO

O

N
H

O
O

NH2

4

O

O

O

O

O

OH

OH

OH

OH

OH

HO

OH

OH

OH

OH

OH

O

OH

HO
HO

O

O

O

O

OH

O

OH

OH

OH

OH

OH

OH

HO

OH

OH

OH

OH

OH

O

OH

HO
HO

O

HO O

HO

NH

O
N
H

O

DOTA
4

GO9

H2O

O O

  

Scheme 2.9 Opening of the epoxides with long chain DOTA molecule (the reaction has been drawn only on one functional group for 

sake of clarity). 

 

The GO samples used for this study were provided by Prof. Kostas Kostarelos (University of Manchester, 

UK) (GO-K), and his group performed also the radiolabeling and the biodistribution studies of the 

radiolabeled samples. Three GO-K with different lateral sizes were used, a large GO (l-GO) of 30 µm-10 µm, 

a small GO (s-GO) of 1 µm-100 nm, and an ultra-small GO (us-GO) of less than 50 nm.  

GO-K was synthesized, as GO-NI, through the Hummers' oxidation method. Already before this project, we 

were working with GO-K in our laboratory. The previous batch we had from Manchester was not size sorted 

and it  was analyzed, in collaboration with Jésus Raya of the University of Strasbourg, via SS MAS NMR 

analysis. As for GO-NI and GO-Ant, mainly hydroxyl and epoxide groups were identified on this first batch of 

GO-K (Figure 2.23). We expect similar surface composition results between the two batches, considering 

that the batch of GO-K we employed was obtained following the same procedure used for the previous 

one. 

 

Figure 2.23 Quantitative 13C SS MAS NMR spectrum of GO-K on the left and 1H-13C correlation on the right. 

 

For GO-K only a very low quantity of carbonyls (2.9 % for the peak at 189 ppm) was also found after 

deconvolution of the quantitative 13C SS MAS NMR spectrum (Table 2.5).  

 
Table 2.5 Percentages of the peak fitting of the quantitative 13C SS NMR. 

Peak 59.4 ppm 69.75 ppm 96.40 ppm 131.66 ppm 189.08 ppm 

% 19.60 33.99 4.93 38.54 2.93 
 

GO9 was synthesized in milliQ water, without any solvent treatment nor sample drying, to avoid any kind of 

change (i.e. reduction or aggregation) in the structure of GO or risk of toxicity in mice due to residual 
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organic solvents. After functionalization, GO9 was characterized by TGA, the xylenol orange (XO) test and 

XPS.14,15  

As usual, TGA showed inconclusive results (Figure 2.24). This is also due to the fact that, in this case, no 

control reactions were performed because of a limited amount of starting materials. Only one aspect can 

be noticed in the different TGA spectra: the fact that all DOTA functionalized samples show a main weight 

loss at lower temperature (around 200°C) compared to the starting GO. This could be an indication of 

covalent functionalization. 
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Figure 2.24 TGA of starting material and DOTA functionalized derivatives. 

 

The XO test allows to calculate the amount of free gadolinium in solution. DOTA derivatives chelate 

gadolinium. Thus, a solution with a known concentration of gadolinium was added to GO9. After 

centrifugation, to separate GO9 from the solution containing free gadolinium, the amount of gadolinium 

left in solution was assessed by UV-Vis spectroscopy using xylenol orange. Hence, this colorimetric test is an 

indirect method to establish the quantity of DOTA in the functionalized GO samples. This test was also 

performed on the starting material as a control to determine if GO had the tendency to chelate gadolinium 

non-specifically. Unluckily, this test was not conclusive due to the partly adsorption of gadolinium onto the 

surface of GO (Table 2.6). This high sorption capacity of GO has been already documented before in the 

literature.13 But, we could notice that DOTA-functionalized GO samples showed a slightly higher value 

compared to pristine GO, which could suggest a positive outcome of the reactions. 

Table 2.6 XO colorimetric test results of starting material and DOTA functionalized derivatives. 

Gd chelation colorimetric test 

585 μmol/g of chelated Gd on l-GO-

DOTA 

625 μmol/g of chelated Gd on s-GO-

DOTA 

625 μmol/g of chelated Gd on us-GO-

DOTA 

565 μmol/g of Gd adsorption on 

pristine l-GO 

582 μmol/g of Gd adsorption on 

pristine s-GO 

582 μmol/g of Gd adsorption on 

pristine us-GO 

 

Instead, the analysis of the XPS spectra (Figure 2.25, 2.26 and 2.27) allows to observe that the 

functionalization of GO with the DOTA derivative was successful. First, there is an introduction of nitrogen 

detected in the functionalized GO survey spectra compared to the starting materials. The amount is around 

1.1-1.4% (Figure 2.26). Moreover, in the nitrogen high resolution spectra, it is possible to clearly identify 

the amine/amide and the ammonium peaks (Figure 2.25). Both amines and amides are present in the DOTA 

molecule introduced. 
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Figure 2.25 XPS high resolution N (1s) spectra of DOTA functionalized derivatives. 

 

On the other hand, the interpretation of the carbon high resolution spectra is more complex (Figure 2.26). 

The ratio between the carbon-carbon bond region and the carbon-oxygen bond region changes. But this is 

often the case after any kind of treatment of GO, due to the loss of some labile oxygenated functional 

groups.  

For this sample a more thorough deconvolution was done, to effectively confirm the introduction of DOTA 

molecules. Thus, in the C (1s) spectrum an asymmetric peak for C=C sp2 was identified, and symmetric 

peaks for C-C sp3, C-OH/C-N, C-O-C, C=O, C(O)OH and π-π* interactions (see chapter 6 for more 

information). 

Figure 2.26 XPS surveys in the table on the top, and high resolution C (1s) spectra of starting materials and DOTA-functionalized 

derivatives.  
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Thus, what is possible to observe is the ratio between the C-O-C and the C-OH/C-N peak. There is an 

increase in the C-OH/C-N peak compared to the C-O-C peak. This happened because of the opening of the 

epoxides generating C-OH groups and the introduction of amino groups. However, the C-O-C peak does not 

disappear because there was a concomitant introduction of ether groups.  

In the oxygen high resolution spectra instead, there is a clear increase in the percentage of the carbonyl 

peak (Figure 2.27). This is due to the introduction of carboxylic acids and amides of the DOTA molecule.  

 Thus, by XPS it was possible to confirm the introduction of DOTA derivatives on the surface of GO. 

 

Figure 2.27 XPS high resolution O (1s) spectra of starting materials and DOTA-functionalized derivatives.  

 

  2.3.4.1 Biodistribution study of DOTA-GO 

 Once the functionalization of GO has been proven, these samples were shipped back to 

Manchester where further characterization and biodistribution studies were performed. 

First the efficiency, purity and stability of radiolabeling of GO-DOTA with the radionuclide indium[111] 

[(111In)GO-DOTA] was verified.  
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Figure 2.28 Radiolabeling efficiency and stability. A) Efficiency of radiolabeling of the three types of GO (l-GO-DOTA, s-GO-DOTA 

and us-GO-DOTA) compared to control DOTA. B) Radiolabeling purity of the three samples after centrifugation. C) Stability of 

radiolabeling in PBS and 50% serum up to 7 days. 

 

The efficiency of radiolabeling of the three types of GO (l-GO-DOTA, s-GO-DOTA and us-GO-DOTA) was 

compared to control (111In)DOTA as shown in Figure 2.28A. The radiolabeling efficiency of the three 

samples was ~70% at the application point. The samples were centrifuged to remove unbound (111In)DOTA. 

The purity after centrifugation was ~90% (Figure 2.28B). The three samples were stable and their 

radiolabeling purity retained in 50% serum, while they had insignificant variability in PBS at 37°C up to 1 

week as shown in Figure 2.28C, right and left respectively. 

Afterwards, the pharmacokinetics and tissue distribution after intravenous administration into mice were 

studied. The biodistribution and excretion of (111In)GO-DOTA are shown in Figure 2.29 and 2.30. 
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Figure 2.29 Biodistribution of the three types of GO (l-GO-DOTA, s-GO-DOTA and us-GO-DOTA) compared to control DOTA at 1 h 

and 24 h. 

 

All three materials were removed from blood very rapidly (Figure 2.30A) and there is a clear relation 

between the lateral size of graphene sheets and the tissue distribution (Figure 2.29). The large material (l-

GO-DOTA) accumulated in the lungs early after injection, while the small material (s-GO-DOTA) 

accumulated in the liver and spleen. All three materials were excreted into the urine at early time points. 

However, the us-GO-DOTA was excreted to the largest extent among the three samples (Figure 2.30B). 

l-GO-DOTA was also urinary excreted, which indicated that the larger lateral dimension does not seem to 

affect its renal elimination. Some faecal excretion was seen as compared to previous studies, perhaps as a 

result of the short PEG moieties attached to the GO-DOTA (Figure 2.30C).16 The control sample (DOTA) was 

totally excreted after 1 h. 
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Figure 2.30 Blood and excretion profile. A) Blood profile of the three types of GO (l-GO-DOTA, s-GO-DOTA 

and us-GO-DOTA) compared to control DOTA. B) Urinary excretion profile and C) faecal excretion of the 

three materials compared to the control. 

 

 2.7 Conclusion  

 In conclusion for the surface composition study, a majority of epoxides and hydroxyl groups were 

found on the surface of both GO samples from Antolin and NanoInnova Technologies. This result was 

confirmed by SS MAS NMR analysis. These groups showed a good reactivity towards functionalization via 

the opening of epoxides, as well as the Williamson and esterification reactions on the hydroxyl groups. The 

Williamson reaction was performed at room temperature. Most strategies for the derivatization reactions 

on the hydroxyl groups reported so far are performed under heating. Only a low amount of carboxylic acids 

was detected on both samples, while the ketone seems to be present even in a lower amount, almost 

negligible. This could be as well due to the instability of this group on the surface of GO. Between the two 

differently synthesized GO samples, only minor differences were noticed in the amount of the functional 

groups. No difference, instead, was noticed in the type of functional groups present. 

In most studies reported in the literature, the main strategies for the functionalization of GO is the 

amidation of the carboxylic groups of GO with amine derivatives.17–20 However, as mentioned before, 

multiple reactions can happen at the same time. The epoxides, for example, are highly reactive towards 

nucleophilic attack reactions, thus it can undergo epoxy ring opening under the conditions used to perform 

the amidation.21–32 Unfortunately, many articles in the literature mention the amidation reaction as only 
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reaction happening on GO in these conditions. With this study, we demonstrated that the main reaction 

happening, instead, is the opening of epoxides. 

 In the biodistribution study a relation between organ distribution and lateral size was observed. 

However, all three materials showed a rapid and high excretion in both urines and faeces (to a much lower 

extent). 
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CHAPTER 3 : DOUBLE FUNCTIONALIZATION OF GRAPHENE OXIDE 

 3.1 Introduction 

Graphene oxide family materials are highly interesting in the biomedical field because of the surface 

functionalizability, amphiphilicity, and excellent aqueous processability (i.e. GO) and electric and thermal 

conductivity when they are in their reduced form (i.e. rGO).1,2 The wide surface area and the chemical 

structure of GO enable several chemical modifications and make it an excellent platform for 

multifunctionalization. Multifunctionalization can be covalent or non-covalent or a mixture of the two. This 

strategy allows to combine several molecules, thus several properties, obtaining a multifunctional material. 

Until now, only few covalent multifunctionalization strategies for GO exist, and mainly exploit the same 

functional groups on the surface of GO. Wang et al. developed a multi-functionalized GO complex by 

modifying GO after carboxylation with PEI and attaching a PEG chain on PEI and subsequently folic acid on 

PEG.3 On this GO complex the authors loaded non-covalently a plasmid-based Stat3 siRNA (small interfering 

RNA) via electrostatic adsorption, thus obtaining a system with an excellent ability to silence in vitro Stat3 

expression on hepatocellular carcinoma. Stat3 is a signal transducer and activator of transcription 3 and is 

often regarded as an oncogene. Indeed, a high expression of Stat3 has been found in different cancers.3 

Rezaei et al. developed instead a one-pot multifunctionalization procedure for nanographene oxide, using a 

Ugi four component assembly process.4 This is a one-step multifunctionalization using oxo-compounds, an 

amine, cyclohexylisocyanide on the surface of GO, after having increased the amount of carboxylic acids 

(scheme 3.1).  

  
Scheme 3.1 Schematic representation of Ugi four component assembly process on carboxylated-GO surface to generate a 

multifunctionalized GO. Figure taken from reference 4. 

 

The authors used this protocol to graft an enzyme, the Bacillus thermocatenulatus lipase, and a contrast 

marker. In both examples listed above only one type of functional group on the surface of GO has been 

used, namely the carboxylic acid group. Just one research group developed a multifunctionalization process 

targeting two functional groups already present on the surface of GO.5 Recently, Mei et al. synthesized an 

azide and an alkyne double functionalized GO. The azide acted as nucleophile to open the epoxides, 

meanwhile the alkyne, present on an alcohol chain, was introduced using the Steglich esterification on the 

carboxylic acid groups. On this azide/alkyne GO the authors further introduced angiopep-2 and a N3-

PEG3500-N3 chain, via a double Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction, to prove the 

efficacy of this system for drug delivery applications. No other similar examples are reported in the 

literature. 
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 3.2 Objectives of this chapter 

 Our objectives were to develop a covalent multifunctionalization strategy targeting two functional 

groups already present on the surface of GO. We opted for mild conditions to affect the structure of this 

material as less as possible. Indeed, strong conditions often cause partial reduction of GO, drastically 

decreasing its water dispersibility. As established with the previous experiments (see Chapter 2), the main 

functional groups present on the surface of GO are the epoxides and the hydroxyls. For this reason, we 

decided to target these two groups. We chose to combine the reactions investigated in the previous 

chapter that showed an elevated functionalization amount. Thus, we combined the opening of epoxides 

with the Williamson or the esterification reactions on the hydroxyl groups.  

 Moreover, to improve the dispersibility of GO in physiological conditions we decided to study the 

polymerization of glycidol on GO. Because of the partial tendency of GO to reaggregate, the stability of this 

material is sometimes not satisfying enough, in particular for biomedical applications. This can be the case 

also after functionalization, as functionalization often changes the surface charge of GO, potentially 

affecting its water dispersibility. In addition, GO, besides having a good dispersibility in water, also needs to 

be stable in physiological medium. For this reason, it is really important to study and improve the 

dispersibility of GO for biological applications. We decided to investigate the polymerization of glycidol 

because this polymer was already proven to be highly biocompatible and water dispersible by the group of 

Komatsu.6,7 Moreover, Mu et al. recently demonstrated that polyglycidol increases the biocompatibility of 

GO and that the PG-GO conjugate shows low toxicity in vitro and in vivo, and good blood compatibility with 

negligible effects on the hemolysis and blood coagulation.8  

Once obtained the PG-GO conjugate, the purpose was to develop a multifunctionalization strategy on this 

system, to obtain a multifunctional highly water stable and biocompatible GO conjugate. 

  

 3.3 Result and discussion 

For the multifunctionalization study a control reaction was performed for every reaction, to verify the 

structural changes of GO caused by the multiple processing. The risk of potential side reactions was also 

considered. Indeed, because of the multiple functionalization, side reactions can easily occur. All the 

multifunctionalization trials performed directly on GO were done on the GO from NanoInnova 

Technologies. The multifunctionalization performed on PG-GO was instead done using a GO obtained from 

Professor Yuta Nishina (University of Okayama, Japan).  

Different experiments were done to find the working protocol for the multifunctionalization. Moreover, 

prior to multifunctionalization, orthogonal protecting groups were studied to control further derivatization 

on double functionalized GO. 

 

  3.3.1 Finding orthogonal protecting groups for graphene oxide 

We started to study potential orthogonal protecting groups to mainly use amino terminated chains. We 

opted for amino-terminated chains for two reasons: to establish the functionalization amount through the 

Kaiser test, and ii) because this group can be easily further functionalized for biological applications.  

 After a careful literature research for appropriate amino-protecting groups, we decided to combine 

a photocleavable protecting group with the Boc.9–14 Finding the right protecting group and deprotecting 

conditions without affecting the surface of GO is quite difficult. In fact, all reducing and drastic conditions 

to remove them should be avoided. Photocleavable groups are an attractive alternative. As photocleavable 

protecting group we initially opted for a nitro-derivative, namely the 6-nitroverantroyloxycarbonyl group 

(NVOC).  

4,5-Dimethoxy-2-nitrobenzyl chloroformate (NVOC-Cl) was added to 2,2’-

(ethylenedioxy)bis(ethylamine) to synthesize C7(R=H) (scheme 3.2) (see procedure C7 in Chapter 6). 
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Because of the high amount of impurities in the product of the photocleavage of C7(R=H), we decided to 

use the Boc-protected derivative C7(R=Boc) to find the best deprotection conditions. 
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Scheme 3.2 NVOC protection reaction of an amino derivative. 

 

The photocleavage of NVOC occurs at the irradiation wavelength of 365 nm. Thus, we used a 100 W lamp 

at this wavelength in different reaction conditions to fulfil the photocleavage of C7(R=Boc) (scheme 3.3). 
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Scheme 3.3 Photocleavage reaction of C7. 

 

The photocleavage mechanism of NVOC is based on the photochemically-induced photoisomerization of 

o-nitrobenzyl alcohol derivatives into o-nitrosobenzaldehyde (scheme 3.4).11 
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Scheme 3.4 Nitrobenzyl photocleavage mechanism taken from reference 11. 

 

The photocleavage reaction was followed by TLC, HPLC, LC-MS and NMR analysis. I tested different 

solvents, times, concentrations, nitrobenzyl derivatives, temperatures, irradiation intensities and I also 

added a radical scavenger to the reaction mixture. I tried different reaction conditions because of the high 
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number of side products obtained. Nevertheless, despite all these trials, we obtained side products in the 

product mixture, but I did succeed in limiting their amount. 

A critical issue with this deprotection reaction, that is unavoidable, is the formation of imine side products. 

Indeed, the aldehyde group in the photoproduct can react with the formed amine.13 The formation of imine 

side products could be suppressed by adding to the reaction mixture a carbonyl scavenger, such as 

semicarbazide hydrochloride.11,12 But semicarbazide can react also with GO, thus it was not the best 

solution for our study. Therefore, I tried to perform the reaction in relatively low polar solvent systems, 

such as THF, where the imine by-product formation has lower probability to occur.13 Still, even using a low 

polar solvent system, we could detect a high number of side products after irradiation.  

Since the occurrence of imine side products can also be blocked using an alkyl or aryl substitution at the 

benzylic position of the nitrobenzyl derivative we decided to change the NVOC group to another 

nitrobenzyl derivative. Indeed, the presence of a substituent in the benzylic position leads to the formation 

of less reactive ketones compared to aldehydes.13  

A new photocleavable protecting group was synthesized by adding di(N-succimidyl)carbonate to 1-(2-

nitrophenyl)ethanol (see procedure C8 in Chapter 6). C8 was then added to C1 to obtain the nitrobenzyl 

protected product C9 (see procedure C9 in Chapter 6). 
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Scheme 3.5 Reaction mechanism to synthesize C9. 

 

The photocleavage mechanism is the same as shown in scheme 3.4, with the difference that a ketone 

nitroso compound is obtained as product of the cleavage (Scheme 3.6). 
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Scheme 3.6 Photocleavage of C9. 

 

Even by changing to the nitrobenzyl protecting group, we kept having side products after 

photodeprotection. 

Beside the imines formed, the high number of side products is also due to the fact that the products 

released after UV-induced photodeprotection can undergo multiple photoreactions including 

photorearrangements.15 The uncaging rate and stability of the 2-nitrosophenyl derivative formed is strongly 

influenced by the type of substituent group at the α-position of 2-nitrobenzyl ester.15 The number of 

photoinduced side reactions depends also on the irradiation intensity. Thus, the irradiation intensity was 

optimized.16,17 Since the irradiance decreases with the square of the distance, I simply performed the 

photocleavage at different distances from the lamp. The best distance was 16 cm from the lamp. 

Moreover, due to the heating caused by the irradiation, the photocleavage was performed in an ice bath to 
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avoid the reduction of GO. Different solvents were tested: MeOH, MeOH/water mixture, dry THF, DCM and 

CHCl3. Chloroform was found to be the most suitable one for photocleavage.17  

The most reactive side products are the radical species. The photolysis of nitrobenzyl-caged compounds 

forms radical and anion radical species as intermediates.14 Because of the elevated reactivity of radicals, 

these species could undergo uncontrollable reactions with the surface of GO.  

To verify the presence of radical side products we repeated the best conditions with the addition of a 

radical scavenger, triisopropyl silane. No differences could be noticed in the final product mixture, 

suggesting a negligible number of radical products that could react with GO. 

All the conditions that has been tried to optimize the photocleavage of the nitrobenzyl derivative are listed 

in table 3.1. The details of the final photocleavage protocol are reported in Chapter 6 (C9-PD).  

 
Table 3.1 Different photocleavage conditions tried (TIS=triisopropylsilane) 

Molecule Solvent Conc. 

(mM) 

Lamp 

distance (cm) 

Radical 

scavenger 

Reaction 

time 

Temperature 

C7 (R=H) MeOH 16 - - 7h RT 

C7 (R=H) MeOH/H2O 14.3 - - 10h Ice bath 

C7 (R=Boc) Dry THF 20 5 - 1h+1h 30' cooling down time 
between irradiation 

C9 Dry THF 16 5 - 2h Ice bath 

C9 Dry THF 10 5 - 4h Ice bath 

C9 Dry THF 7.8 5 - 5h Ice bath 

C9 DCM 7.8 5 - 3h Ice bath 

C9 CHCl3 8.9 25-27 cm - 3h Ice bath 

C9 CHCl3 8.9 15 - 3h Ice bath 

C9 CHCl3 8.9 15 - 4h30' Ice bath 

C9 CHCl3 8.9 15 - 6h Ice bath 

C14 CHCl3 8.9 15 - 7h Ice bath 

C14 CHCl3 8.9 15 - 4h30' Ice bath 

C9 CHCl3 8.9 15 0.02% TIS 4h30' Ice bath 

C14 CHCl3 8.9 15 0.02% TIS 4h30' Ice bath 

 

Once we found the best conditions for the photocleavage of the nitrobenzyl protected chain, I prepared 

C10 for the opening of epoxides on GO (Scheme 3.7) (see procedure C10 in Chapter 6). 
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Scheme 3.7 Synthesis of C10. 

 

As shown in scheme 3.8, C10 was then mixed with GO, following the opening of epoxide procedure, 

obtaining GO10 (see procedure GO10 in Chapter 6).  
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Scheme 3.8 Scheme of the opening of epoxides on GO with C10 (The reaction is shown only on one functional group for clarity 

reasons). 

 

After introduction of C10 onto GO, the photocleavage was tested on GO10 (scheme 3.9), by irradiation of 

the sample (365 nm, 100 W) to obtain GO11 (Chapter 6). Afterwards, the two samples were analyzed by 

TGA and XPS. 

Figure 3.9 Scheme of the photocleavage of GO10 (The reaction is shown only on one functional group for clarity reasons). 

 

The thermogravimetric curve of GO10 shows a similar weight loss to its control reaction GO2_CONT, as 

already observed before in Chapter 2, because of the low molecular weight of the molecule introduced 

(Figure 3.1). If we observe the shape of the curves, a slight difference can be noted between 250-400°C, 

that could be assigned to the loss of C10. This supports the positive result of the reaction. GO11, instead, 

shows a more important weight loss at low temperatures (below 200°C), probably due to some adsorbed 

products generated during the photocleavage reaction. Meanwhile, above 250 °C GO11 shows a higher 

thermal stability compared to GO10 that can be assigned to the loss of the photocleavable protecting 

group. Still, irradiation does not show to significantly affect the surface composition of GO. 
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Figure 3.1 TGA of GO10, GO2_CONT and GO. 
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XPS analysis allowed to measure 2.07% of nitrogen introduced in GO10 (Figure 3.2). Moreover, in the 

nitrogen high resolution spectrum, the characteristic peak of the nitro group could be clearly identified at 

405.7(±0.2) eV. After deprotection the content of nitrogen detected decreased to 1.72%, due to the loss of 

the nitrobenzyl protecting group. Beside the decrease of the nitrogen content, the photocleavage was also 

confirmed by a change in the shape of the nitrogen high resolution spectra. The characteristic peak for the 

nitro group of the photocleavable protecting group (at 405.7±0.2 eV) disappeared in the spectrum of GO11. 

Oxygen high resolution spectra afforded interesting information too. There is an increase in the carbonyl 

content and the appearance of the signal of the nitro group in the spectrum of GO10, due to the 

introduction of C10. This latter signal has however an elevated margin of error because of its proximity to 

the C-O signal. GO11, instead, seems not to show anymore this nitro peak. The carbon high resolution 

spectra are instead of more difficult interpretation. A decrease in the intensity of the epoxide peak 

indicated the positive result of the reaction leading to GO10. This signal does not totally disappear because 

there is also the introduction of ether groups. Meanwhile, no major changes could be observed in GO11 

compared to GO10. This is due to the high amount of signals present for GO, that makes the detection of 

small changes very difficult. However, an important conclusion from the carbon high resolution spectra of 

GO10 and GO11 is that UV irradiation at 365 nm with a lamp of 100 W at 16 cm distance, did not 

significantly affect the structure of GO. 
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Figure 3.2 XPS survey spectra and C1s, N1s and O1s high resolution spectra of GO NI, GO10 and GO11. 

 

The Kaiser test was performed on GO10 and GO11, showing a loading of molecule of 166 µmol/g 

confirming both the positive result of the opening of epoxide and of the photocleavage.  

 
Table 3.1 Kaiser test value for GO10 and GO11. 

Kaiser test 

GO11 166 µmol/g 

 

To verify that no adsorption phenomena nor secondary reactions happened between GO and the product 

mixture obtained after photocleavage, a control reaction was performed (see GO11_CONT protocol in 

Chapter 6). For this control first C14 (a Boc and nitrobenzyl protected ethylenediamine) underwent 

photocleavage, and then the product mixture obtained after irradiation was added to GO. After two hours 

of stirring the supernatant of the reaction was analyzed by HPLC and compared to the HPLC spectrum 

taken before the addition of GO. Only negligible variation could be detected, confirming the negligible 

interactions between GO and the side products of photocleavage.  

  

  3.3.2 Combining the opening of epoxides with the Williamson reaction 

   3.3.2.1 Multifunctionalization with short chains 

For the first multifunctionalization approach, the opening of the epoxides was performed followed by the 

Williamson reaction on the hydroxyl groups. We decided to perform the reactions in this sequence because 

the number of hydroxyl groups is increased after the opening of epoxide reaction, thus more hydroxyls can 

be derivatized through the Williamson reaction. The same reaction conditions established in Chapter 2 (see 

paragraph 2.3.1.1 and 2.3.1.3) were used. The optimization of the photocleavage conditions and this 

multifunctionalization reaction were performed in parallel, the reason why at the beginning only Boc was 

used as protecting group for both reactions. 

The opening of the epoxides was performed by adding C1 on GO, obtaining GO12 (see procedure GO12 in 

Chapter 6). After the workup, part of GO12 was used to perform the subsequent reaction. It was mixed 

with C4 and potassium carbonate as a base to obtain GO13 (see procedure GO13 in Chapter 6) (Scheme 

3.10).  

The control reactions were done in the same conditions, only without adding C1 and C4 for GO12_CONT 

and GO13_CONT, respectively. GO13_CONT was performed on part of GO12_CONT, while GO13 was 

performed on GO12. 
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 Scheme 3.10 Scheme of the multifunctionalization reactions performed by combining the opening of the epoxides with the 

Williamson reaction (The reactions are shown only on one functional group for clarity reasons). 

 

The Kaiser test values were calculated for the two samples after Boc deprotection (see BD procedure in 

Chapter 6). The opening of the epoxides showed a loading of 145 µmol/g, the total loading of both 

reactions, instead, was 175 µmol/g. The outcome for the Williamson reaction is the difference between the 

two loadings, and was approximately 30 µmol/g. Thus, the combination of these two reactions in the 

sequence chosen was successful. If we consider that each reaction, if performed alone, gives a Kaiser test 

loading above 100 µmol/g, then the outcome of the Williamson reaction performed after the opening of 

epoxides was positive but lower than the one of the same reaction performed on pristine GO.  

 
Table 3.2 Kaiser test values for GO12 and GO13. 

Kaiser test  

GO12 145 µmol/g 
GO13 175 µmol/g 
GO12_CONT 9 µmol/g 
GO13_CONT 12 µmol/g 

 

The thermogravimetric analysis was then performed on these samples and on their controls (Figure 3.3). 

The thermogravimetric curves of the functionalized samples, GO12 and GO13, show a different weight loss 

compared to their controls in the range of 250-400°C that could be assigned to the covalently introduced 

molecules. Moreover, GO13 displays a slightly higher weight loss compared to GO12, suggesting that both 

reaction happened on the surface of GO. 
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Figure 3.3 TGA curves of GO, GO12, GO13, GO12_CONT and GO13_CONT. 

 

I measured then an introduction of 1.45% and 1.70% of nitrogen by XPS analysis for GO12 and GO13, 

respectively (Figure 3.4). As for the Kaiser test, there is a significant difference, even if not high, in nitrogen 

percentage between the two steps of the multifunctionalization, confirming that both reaction happened. 

No nitrogen could be identified in GO12_CONT, meanwhile in GO13_CONT 0.72% was identified. This could 

suggest a partial adsorption of DMF on the surface of GO, confirmed by the binding energy of the peak 

identified in the nitrogen high resolution spectrum and by the augmentation of the carbonyl peak in the 

oxygen high resolution spectrum of GO13_CONT compared to GO12_CONT. No increase of the carbonyl 

peak could be observed for GO13, suggesting that this surface adsorption is limited to the control reaction. 

In the oxygen high resolution spectrum of GO12 an augmentation of the carbonyl peak could be identified 

due to the Boc protecting group present in C1 molecules. Meanwhile, only little difference was observed in 

the oxygen high resolution spectrum of GO13 if compared with that of GO12, suggesting both no 

adsorption of DMF and low introduction of C4. The carbon high resolution spectrum of GO12 shows a 

lower number of epoxides compared to the control reaction GO12_CONT, in line with the fact that we 

opened the epoxide groups. No differences were seen in the carbon high resolution spectrum of GO13. 

But, this could also be due to the proximity of the C-OH and C-O-C signal that cause a non-negligible margin 

of error in the interpretation of these two peaks. To limit this error, the peaks were kept at a fixed binding 

energy. No important differences were detected also between GO12_CONT and GO13_CONT, proving that 

the reaction conditions did not affect the surface of GO.  
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Figure 3.4 XPS survey and C1s and O1s high resolution spectra of GO12, GO13, GO12_CONT and GO13_CONT; and N1s high 

resolution spectra of GO12, GO13 and GO13_CONT. 

 

In the nitrogen high resolution spectra of GO12 and GO13, two peaks were identified: one corresponding 

to the amino and amide peak (399.4±0.8 eV and 399.7±0.3 eV, respectively) and one for the ammonium 

peak (401.6±0.6 eV), typical signals for C1 or C4.18 Thus, via XPS analysis it was possible to confirm the good 

result of the first reaction, the opening of epoxides, and a positive result of the second reaction, GO13, 

even if the loading of C4 is low. Again, by XPS, the presence of C4 could not be confirmed without any 

doubt.  

In conclusion, it was possible to confirm the positive result of the first step of the multifunctionalization 

strategy; instead, the second one gave less satisfying results. Looking at the results obtained, it seems that 

some phenomena prevented reaching a high loading for the second reaction leading to GO13. A possible 

explanation could be the loss of hydroxyl groups from the surface of GO during the processing of this 

material. To understand better what happened, we decided to repeat this multifunctionalization with 
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longer ethylene oxide chains, to have more evident weight changes between the different steps in the 

characterization by TGA.  

 

   3.3.2.2 Multifunctionalization with long chains 

Due to the difficulty to confirm the second step of the multifunctionalization to form GO13, we chose to 

repeat this protocol with heavy PEG chains that would be easily detectable by TGA. To make the XPS 

detection even easier an azide derivative was then chosen for the Williamson reaction, because it can be 

immediately detected in the nitrogen high resolution spectrum. In addition, this group has an elevated 

potential because it can be further functionalized through Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition 

reaction. The opening of epoxides and the Williamson reactions with long chains were first tried 

independently to test their efficacy. For the opening of epoxides, a commercially available NH2-PEG23-

NHBoc chain (MW=1173 g/mol) was added to the reaction mixture to obtain GO14 (scheme 3.11) (see 

protocol GO14 in Chapter 6). 

Scheme 3.11 Scheme of the opening of the epoxides with a long PEG chain (The reaction is shown only on one functional group for 

clarity reasons). 

 

For the Williamson reaction, first C11 was synthesized, and then this molecule was added to the reaction 

mixture to obtain GO15 (see procedure GO15 in Chapter 6). A tosyl-derivative (MW=1739 g/mol) was 

chosen for the Williamson reaction, instead of the iodo-derivative because the reaction yield to synthesize 

the latter is low and the cost of the long PEG chain is high. 

As control reactions GO2_CONT and GO6_CONT1, were planned. These reactions were performed in the 

same conditions of the reactions only without NH2-PEG36-NHBoc and C11, respectively.  

 

Scheme 3.12 Scheme of the Williamson reaction with a long PEG chain (The reaction is shown only on one functional group for 

clarity reasons). 
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The Kaiser test value was calculated after Boc deprotection of GO14 (see BD procedure in Chapter 6), and 

the result was 16 µmol/g, indicating a negative result of the opening of the epoxides with the long PEG 

chain (Table 3.3). 
Table 3.3 Kaiser test value for GO14. 

 

 

 

To verify this result, a 13C SS MAS NMR analysis was performed (Figure 3.5). By looking at the spectra and 

the relative peak percentages it was possible to observe a partial decrease in the intensity of the epoxide 

peak from 30.5% to 14.5% (see paragraph 2.3.1.3 for the spectrum of the starting material), that could 

suggest the insertion of the PEG chain. However, the peaks of the PEG chain are supposed to appear mainly 

around 70 ppm, where already the hydroxyl peak of GO is located.19,20 Thus, it is finally not possible to draw 

conclusions from the 13C SS MAS NMR. The spectra do not show significant changes, compared to the 

starting material (see paragraph 2.3.1.3), suggesting a low or negligible introduction of PEG on GO14. 

 
Figure 3.5 13C SS MAS NMR spectrum of GO14 with the fitted one below and the single component of deconvolution and relative 

peaks percentages. 

 

The thermogravimetric curves were taken for both GO14 and GO15 (Figure 3.6). GO14 showed a higher 

weight loss compared to its control GO2_CONT, that could suggest a positive functionalization. Only little 

differences were identified instead in the shape of the two curves. Thus, it is possible that GO2-CONT 

underwent some modification, such as loss of oxygenated species, whereas GO14 was not exposed. This 

would be in line with the SS MAS NMR spectrum and the Kaiser test results. GO15, instead, showed a 

similar thermal stability compared to its control reaction GO6_CONT1, with a little difference in the shape 

of the curve around 250-350 °C. It is not a weight loss difference that we would expect for a high molecular 

weight PEG. This suggests a low loading of C11 through the Williamson reaction. 

 

Kaiser test 

GO14 16 µmol/g 
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Figure 3.6 TGA curves of GO, GO14, GO15, GO2_CONT and GO6_CONT1. 

 

The XPS data, in agreement with the previous characterizations, proved only a small introduction of 

nitrogen in both GO14 (0.5%) and GO15 (0.7 %) (Figure 3.7). These low percentages could be explained by 

the fact that we introduced a much higher number of carbon and oxygen atoms compared to nitrogen, but 

it is still not a proof of a positive outcome of the reactions. The carbon high resolution spectrum of GO14 

displayed an important content of C-O-C that could either suggest the negative result of the reaction, or 

could be due to the numerous ether functions of the few PEG molecules inserted on the surface of GO. For 

the carbon high resolution spectrum of GO15 no clear conclusions could be also taken. Indeed, it does not 

show significant changes that could confirm the occurrence of the reaction. The same remark applies also 

to the oxygen high resolution spectra of both reactions. This is likely due to the fact that the PEG chains 

have mainly C-O functions that are already present in an important amount on the surface of GO.  
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Figure 3.7 XPS survey spectra and C1s, O1s and N1s high resolution spectra of GO14 and GO15. 

 

In the nitrogen high resolution spectrum of GO15 two characteristic peaks would be expected at 405.4 eV 

(N=N=N) and 401.8 eV (N=N=N) for the azido group. Only one peak above 400 eV is instead present, 

suggesting the negative result of the reaction to obtain GO15.21 Thus, by analysing the XPS spectra, no 

conclusion could be taken for GO14, but it seems that the outcome of GO15 is negative.  

 The interpretation of the data obtained from the characterization of GO14 and GO15 appeared to 

be more difficult than expected. The overall characterization of both reactions suggests a low or negligible 

loading of the PEG molecule. It could be due to a structural reason, because of the length of the PEG chain. 

This factor could bring to a limited accessibility of the amine to the epoxides on the surface of GO. 

 Considering the results obtained, we abandoned the idea of using long chains and further trials 

were repeated with short chains. 

 

   3.3.2.3 One-pot multifunctionalization 

Due to the results obtained in the previous section, it has not been possible to improve the 

multifunctionalization reactions performed by combining in sequence the opening of the epoxides and the 

Williamson reaction, and to understand why the second functionalization reaction (Williamson) gave such a 

low loading. A possible explanation would be the removal of the labile hydroxyl groups from the surface of 

GO.22 Indeed, a lower loading for the Williamson and the esterification reaction, if performed after basic 

treatment of GO in NaOH to open the epoxide groups, has been already observed before (data not 

shown).If we look at the 13C SS NMR spectrum of NaOH treated GO at 0°C (Figure 3.8), it is possible to 

observe an overall diminution of the oxygenated functions. 

 
Figure 3.8 13C SS MAS NMR spectrum of NaOH (0.16 M) treated GO. 
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By calculating the percentages of the peaks in this semi-quantitative spectrum, 27.5% was detected for C-

OH (compared to 30% for the starting material) and 22% for C-O-C (compared to 31% for the starting 

material). Thus, there is a partial opening of the epoxides by NaOH, confirmed by a decrease in the 

percentage of the epoxide groups compared to the starting material (see paragraph 2.3.1.3), but also a 

significant loss of hydroxyl groups. Indeed, the percentage of the hydroxyl groups diminishes instead of 

increasing. This could suggest an instability of the hydroxyl groups on the surface of GO. Reduction of GO 

treated in NaOH has been already observed before in the literature, but not if the reaction was performed 

at low temperatures.23 A partial reduction was observed in our case, most probably due to an instability of 

the hydroxyl groups on GO if present in elevated amount. 

 To verify this hypothesis, we decided to perform the multifunctionalization in one-pot conditions, 

to limit as much as possible the reaction time and treatments in which elimination of OH groups could 

happen. Thus, the opening of the epoxides was performed by adding C10 to GO, and after 24 h of stirring, 

C4 with the base were subsequently added to the mixture, thus obtaining GO16 (Scheme 3.13). C4 was 

used in excess compared to the amino-chain, because part of it could undergo side reactions with free C10 

(see procedure GO16 in Chapter 6). Orthogonal protecting groups were used to allow the control of the 

derivatization of each of the amine and to enable the calculation of the loading of both chains separately by 

Kaiser test. A control reaction was done in parallel, leading to GO16_CONT, in the same conditions of the 

one-pot reaction without adding C10 and C4. 

 
Scheme 3.13 Scheme of one-pot reaction (The reactions are shown only on one functional group for clarity reasons). 

 

Once the reaction was performed, the product was first irradiated at 365 nm in the conditions optimized 

before to cleave the nitrobenzyl protecting group (see PD procedure in Chapter 6) obtaining GO16(PD), and 

then it was Boc deprotected (see BD procedure in Chapter 6) to get GO16(PD-BD). 

 
         Table 3.4 Kaiser test value for GO16 one pot reaction. 

 

 

 

Kaiser test 

GO16(PD) 189 µmol/g 
GO16(PD-BD) 185 µmol/g 
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The Kaiser test result for GO16(PD) and GO16(PD-BD) did not show differences. The reaction in one-pot 

conditions did not improve the loading of the second reaction, the Williamson reaction. The one-pot 

reaction was also examined by TGA (Figure 3.9). Since no workup was performed between the two 

reactions, the TGA was done directly on the final product GO16. GO16 displays a slightly higher weight loss 

compared to GO16_CONT. Moreover, the shape of the curves is different in the range of 200-400 nm, 

potentially due to the loss of covalently introduced molecules. Thus, TGA confirms the positive 

functionalization of GO16, but it is not possible to establish by TGA, if it is due to the insertion of C10 or C4 

or both. By analyzing the thermal curve of GO16(PD), it is instead possible to notice that its thermal 

stability is similar to GO16, proving that irradiation did not significantly affect the structure of GO. 

Meanwhile, at temperatures below 200°C, GO16(PD) shows a more important weight loss, probably due to 

some adsorbed species from the photocleavage on the surface of GO16(PD). 
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Figure 3.9 TGA curves of GO, GO16, GO16(PD) and GO16_CONT. 

 

XPS spectra were taken for GO16 and GO16_CONT (Figure 3.10). A quantity of 2% of nitrogen was 

identified in the survey of GO16, indicating that functionalization happened. In the nitrogen high resolution 

spectrum of GO16, the nitro group signal at 405.7±0.2 eV was clearly identified confirming the presence of 

C10, the peak instead around 400 eV belongs to both C10 and C4, thus the presence of C4 could not be 

completely confirmed.18 In the oxygen high resolution spectrum the peak of the nitro group could be 

detected confirming again the presence of C10, while no clear information confirming the presence of C4 

could be found. Comparing the carbon high resolution spectrum of GO16 to that of GO16_CONT, there is 

an important decrease of the C-O-C peak compared to the C-OH, indicating the opening of the epoxides. 

However, due to the proximity of these two peaks, a certain degree of error should be considered. 
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Figure 3.10 XPS survey spectra and C1s, O1s and N1s high resolution spectra of GO16 and GO16_CONT. 

 

Nitrogen was detected in the control reaction, GO16_CONT, probably due to the adsorption of DMF. This 

was also confirmed by the binding energy value of the peak found in the nitrogen high resolution spectrum, 

and by an increased intensity of the signal of the carbonyl groups in the oxygen high resolution spectrum of 

GO16_CONT. 

Thus, via one-pot multifunctionalization it was possible to confirm the positive outcome of the 

opening of epoxides but not of the Williamson reaction. Thus, we hypothesize that the loss of hydroxyl 

groups happens during the first step even without any work up or there is another reason that causes a low 

loading for the second reaction of the double functionalization. 

 

   3.3.2.4 Opening of epoxides and Williamson reaction: Inverse approach 

Considering the results obtained in the previous experiments, we decided to try another strategy. The 

impossibility to solve the problem by performing a one-pot reaction suggested us that the hydroxyl groups 

seem to be released almost immediately from the surface of GO, once the epoxides are open. Thus, we 

tried to invert the two reactions, by performing first the Williamson reaction and afterwards the opening of 

the epoxides. To accomplish this multifunctionalization reaction, C4 was first added to GO in basic 

condition, to get GO17. After the workup, C1 was added to GO17 to open the epoxides obtaining GO18 

(Scheme 3.14) (see procedure GO17 and GO18 in Chapter 6). A control reaction was done for both 

reactions, GO18_CONT and GO19_CONT, without adding C4 and C1. 
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Scheme 3.14 Scheme of the multifunctionalization of GO performed by combining the Williamson reaction with the opening of 

epoxides (The reactions are shown only on one functional group for clarity reasons). 

  

The loading was calculated using the Kaiser test after Boc deprotection (see BD procedure in Chapter 6). 

GO17 and GO18 showed a loading of 106 µmol/g and 145 µmol/g, respectively. Surprisingly, the difference 

of loading between the two reactions, that gives the loading of the second reaction, was 40 µmol/g, similar 

to the one between GO12 and GO13 (145 µmol/g and 175 µmol/g). Thus, by inverting the reactions we 

increased the loading of only 10 µmol/g. This suggests that, besides the instability of the hydroxyl group, 

there must be other phenomena, such as sterical hindrance, that do not allow reaching a higher loading.  

 
Table 3.5 Kaiser test values of GO17 and GO18. 

Kaiser test 

GO17 106 µmol/g 
GO18 145 µmol/g 

 

The thermogravimetric curves of the two reactions GO17 and GO18 do not show significant differences 

between them and their controls GO17_CONT and GO18_CONT (Figure 3.11). The curve shape of GO18 

shows a slight difference between 250 and 350°C that could be assigned to the covalently introduced 

molecules. The fact that it is possible to identify it more easily for GO18 compared to GO17 could be due to 

a little higher number of molecules present on GO18. Still, the fact that low molecular weight molecules 

were used makes the interpretation of the TGA data even more complicated. 



Chapter 3 
DOUBLE FUNCTIONALIZATION OF GRAPHENE OXIDE 

76 

 

100 200 300 400 500 600 700 800 900

40

50

60

70

80

90

100

W
e
ig

h
t 

lo
s
s
 (

%
)

Temperature (°C)

 GO17

 GO17_CONT

 GO18

 GO18_CONT

 GO

 
Figure 3.11 TGA curves of GO, GO17, GO18, GO17_CONT and GO18_CONT. 

 

The XPS analysis was then performed on these samples (Figure 3.12). For GO17 and GO18 0.96% and 1.57% 

of nitrogen were measured, respectively. In this case, compared to GO12 and GO13, the difference of 

nitrogen introduced between the two reactions is more important. For GO17 compared to GO17_CONT, 

the carbon and oxygen high resolution spectra show a slightly decreased amount of the hydroxyl groups 

and an increased amount of the carbonyls due to the introduction of C4. These results confirm the positive 

outcome for GO17. If we compare the carbon high resolution spectra of GO17 and GO18, there is a 

decrease of the C-O-C peak indicating the opening of the epoxides and the covalent introduction of C1. In 

the oxygen high resolution spectrum, instead, there is no difference in the carbonyl peak intensity between 

GO17 and GO18. This could be due to the low amount of C1 introduced. In the nitrogen high resolution 

spectra, the respective signals of both C1 and C4 could be identified in both GO17 and GO18. Since they 

show the same peak, no conclusion can be taken from these spectra. Again, a low adsorption of DMF could 

be observed for both control reactions. 
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Figure 3.12 XPS spectra and C1s, O1s and N1s high resolution spectra of GO17, GO18, GO17_CONT and GO18_CONT. 

 

In conclusion, we had a slightly increased loading for the second reaction compared to the previous 

multifunctionalization trial. This suggest that besides the instability of the hydroxyl groups there are other 

phenomena that limit a higher loading of the second reaction, such as sterical hindrance. Another factor 

that could influence the loading of the second reaction is the dispersibility of the sample. Indeed, GO-NI 

shows a variable dispersibility in its pristine form, and this dispersibility is often decreased after 

functionalization. This could also influence the result of the second reaction. 
 

  3.3.3 Combining the opening of epoxides with the esterification reaction 

Once established that the loss of the hydroxyls could not be the only phenomenon happening on GO, 

another multifunctionalization experiment was done to understand better the problem. This time the 

opening of the epoxides was performed followed by the esterification reaction on the hydroxyl groups. To 

obtain GO19, C1 was added to the reaction mixture with GO (see procedure GO19 in Chapter 6). After the 

workup, GO19 was mixed with C5 and the coupling agents to get GO20 (see procedure GO20 in Chapter 6) 

(scheme 3.15). The control reactions were also performed. GO19_CONT was done without the addition of 

C1. Instead, GO20_CONT was done on GO19_CONT without the coupling reagents.  
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Scheme 3.15 Scheme of the multifunctionalization of GO performed by combining the opening of the epoxides with esterification 

reaction (Each reaction is shown only on one functional group for clarity reasons). 

 

The loadings were calculated using the Kaiser test after Boc deprotection of GO19 and GO20 (see BD 

procedure in Chapter 6), and they were 179 and 231 µmol/g, respectively (Table 3.6). This time the 

difference of loading between the two reactions is more important than for the previous trials (52 µmol/g 

of loading for the esterification reaction), suggesting a better result of both reactions. Nevertheless, the 

second reaction gave a lower loading compared to the esterification reaction performed alone (165 

µmol/g). It is possible that some phenomena hinder a higher loading for the second step.  

 
Table 3.6 Kaiser test values for GO19, GO20 and GO20_CONT. 

Kaiser test 

GO19 179 µmol/g 
GO20 231 µmol/g 
GO20_CONT 6 µmol/g 

 

In the literature, an island localization of the oxygen bearing functional groups on the surface of GO has 

been reported.24 It is possible that, due to this close localization of the functional groups, the second 

reaction cannot reach higher loadings because of the sterical hindrance caused by the molecules inserted 

during the first reaction. The Kaiser test value was calculated also for GO20_CONT, after Boc deprotection 

treatment, to verify potential surface adsorption of C5. The outcome was negative confirming the absence 

of C5 non-covalently adsorbed on the samples. 

By TGA it is possible to observe that both GO19 and GO20 show a different form of the curves between 

200-400°C, if compared to their controls, GO19_CONT and GO20_CONT (Figure 3.13). This can be assigned 

to the loss of the covalent molecules and confirms the positive outcome of both reactions. Indeed, GO20 

displays a slightly higher weight loss in this region compared to GO19, confirming that the esterification 

occurred. 
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Figure 3.13 TGA of GO, GO19, GO20, GO19_CONT and GO20_CONT. 

 

These reactions were analyzed also by XPS (Figure 3.14), and an introduction of 1.96 and 2.47% of nitrogen 

was detected for GO19 and GO20, respectively. These results confirm again that both reactions occurred 

on the surface of GO. In the carbon high resolution spectrum of GO19 it was possible to identify a decrease 

in the intensity of the epoxide peak compared to its control, GO19_CONT, confirming the introduction of 

C1. In the spectrum of GO20 there is instead an important decrease in the intensity of the hydroxyl peak 

due to the insertion of C5. The intensity of the C-O-C peak is still important due to the presence of the 

ether bonds of C1. However, we should consider the margin of error due to the proximity of the C-OH and 

C-O-C group. The ratio between the carbon and the oxygen region in the carbon high resolution spectrum 

changes with a decrease of the C-O area (288-286 eV), because of the conversion of the hydroxyl groups 

into esters (290-288 eV, O-C=O region) and the introduction of a mostly aliphatic chain (C5). This is also 

confirmed by a slight increase of the COOH/COOR peak in the same spectrum of GO20, due to the insertion 

of C5. Similar results could be observed in the oxygen high resolution spectra. Indeed, there is an increase 

in the percentage of the carbonyl peak between GO19 and GO19_CONT, due to the urethane group of the 

Boc moiety of C1. This amount increases between GO19 and GO20 due to the introduction of the ester 

functions and the Boc group of C5. The nitrogen high resolution spectrum displays the typical peaks of C1 

and C5, confirming the general positive outcome of the functionalization. 

For these experiments I have recorded the C KLL Auger spectra for all samples. The analysis of these peaks 

gives an idea of the quantity of C sp3 and C sp2 atoms present.25–29 This estimation is obtained by calculating 

the distance between the maximum and the minimum of the first derivative of the C KLL spectra. As it is 

possible to observe, there is no important difference in distance for the different reactions. The only 

sample that displays closer maximum and minimum is GO20, indicating a slightly more important content 

of C sp3 atoms. This could be related to the C sp3 atoms introduced with C1 and C5. 

A low amount of adsorbed DMF could be observed for the control reactions analyzed by XPS. 
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Figure 3.14 XPS survey spectra and C1s, O1s, N1s and first derivative C KLL high resolution spectra of GO19, GO20, GO19_CONT and 

GO20_CONT. 

 

GO20 was examined by quantitative 13C SS MAS NMR, and it was possible to notice the appearance of the 

peaks of C1 and C5, at 40 ppm for the aliphatic chain and 27 ppm for the Boc protecting group. However, 

no more conclusions can be drawn from this spectrum. Indeed, if there is a signal of the ester around 170 

ppm, it is of low intensity and cannot be seen without deconvolution of the spectrum. Indeed, ester peaks 

are of difficult identification in SS NMR spectra if present in low amount. The peak at 70 ppm instead is 

common for hydroxyl and ether groups. This could explain why it is quite intense after hydroxyl 

derivatization, as a matter of facts, C1 inserted in the first step of the multifunctionalization present two 

ether groups.  

 
Figure 3.15 Qualitative 13C SS MAS NMR of GO20.  

 

By XPS, TGA, Kaiser test and SS NMR it was possible to confirm a positive outcome of both reactions, 

leading to a double functionalized GO. However, it should be taken into consideration that the loading of 

the second reaction does not correspond to the total amount of the functional group (i.e. the hydroxyl 

groups) supposed to be present on the surface of GO. The only reasonable explanation for this result 

consists in the combination of two phenomena: 1) the partial instability of the hydroxyl groups on the 

surface of GO and 2) the island localization of the functional groups that, due to the molecules introduced, 

causes a sterical hindrance for the second reaction of the multifunctionalization. 

 

  3.3.4 Multifunctionalization of a higher water stable graphene oxide derivative 

Since the multifunctionalization on the functional groups already present on the surface of GO did not give 

the results we were hoping for, we decided to try another approach. In addition, we decided first to 

increase the dispersibility of GO in water and then to develop a multifunctionalization strategy. Indeed, 

often the dispersibility of GO decreases after functionalization due to a change in the surface charge of GO. 

Thus, we decided to attach on the surface of GO a highly water dispersible polymer, polyglycidol. We were 
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not the only one developing this derivative. Indeed, shortly after the end of the optimization study of PG 

derivatization of GO, Mu S. et al. proved the capacity to improve the biocompatibility of GO by adding 

polyglycidol on its surface, with the purpose to use this conjugate as a drug carrier.8 Opposite to us, they 

performed the reaction in harsher condition with the addition of KH to deprotonate GO before adding 

glycidol. By stirring the mixture at 80°C for 16 h they obtained a yield of 52%. 

 

   3.3.4.1 In situ polymerization of glycidol on graphene oxide: an optimization study 

This project was done in collaboration with the laboratory of Professor Naoki Komatsu (Kyoto University, 

Japan, during a three month stay at his laboratory. Prof. Komatsu has pioneered the polymerization of 

glycidol on the surface of different types of nanomaterials.7,30 Thus, I took inspiration from their protocol 

and adapted it for GO. Indeed, in their procedure the polymerization of glycidol is usually performed at 

140°C for 20 h. It is a temperature at which GO would be reduced. Thus, we decided to lower the 

temperature and increase the reaction times. The polymerization of glycidol on the surface of GO has 

already been performed at 80°C for 48 h, to obtain a PG-GO composite for gas separation applications.31 

Since GO undergoes significant modifications also if treated at 80°C, we tested the polymerization at 

different temperatures to find the best conditions to obtain a highly stable and not too reduced GO. 

I tried the in situ polymerization of glycidol for 48 h at 140°C, 80°C and at room temperature (Scheme 3.16). 

The reaction has been performed at 140 °C only as reference for comparison, indeed, from the previous 

research projects of Prof. Komatsu’s group we know that it is possible to reach 37% polymer loading on 

nanodiamonds (calculated by TGA) if glycidol is polymerized at 140°C. Thus, we wanted to see how much 

the loading of the polymer would be by lowering the temperature. Moreover, to improve the loading of the 

polymerization performed at room temperature we added NaOH or Et3N.32 In the literature two 

possibilities are reported to raise the rates of the polymerization of glycidol at room temperature. It is 

possible to use a base or a Lewis acid as catalyst.32–39 A possible issue about the Lewis acid is that it can 

adsorb on the surface of GO or can even reduce it.40,41 Thus, we opted for the base to perform the room 

temperature polymerization of glycidol. 

Scheme 3.16 Scheme of the glycidol polymerization (The reaction is shown only once on each functional group involved in the 

polymerization for clarity reasons). 

 

The reaction was performed at 140°C (GO21-a), at 80°C (GO21-b), at room temperature (RT) without 

catalyst (GO21-c), at RT with NaOH (GO21-d), at RT with Et3N (GO21-e) and at RT with a higher quantity of 

Et3N (GO21-f). Control reactions were done for GO21-a and GO21-b, (namely GO21-a_CONT and GO21-

b_CONT, respectively) to establish potential thermal reduction. The control reactions were performed in 

the same conditions using glycerol at the place of glycidol. The different samples were analyzed by FT-IR, 

and for all it was possible to identify the bands of the polymer (Figure 3.15).  
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Figure 3.15 FT-IR spectra of GO21 obtained from the reactions performed in different conditions.  

 

In the FT-IR spectra, we can observe the peaks of the methylene groups around 2800 and 2900 cm-1 and of 

the ether bond around 1080 cm-1.8,42 It is also possible to observe a difference in the intensity of the peaks 

of the polymer compared to the bands attributed to GO in the different samples, indicating a diverse 

loading of the polymer. Thus, the best loadings appear to be for the reaction performed by heating at 80°C 

and 140°C. 

The thermogravimetric curves were taken for all the samples under air and under nitrogen atmosphere 

(Figure 3.16). The degradation of the polymer happens around 350 °C, for both, under air and under 

nitrogen.30 Under air it is possible to see also the weight loss due to the carbonization of GO between 400-

600 °C. When this study was performed, in the laboratory of Professor Komatsu in Japan, only the analysis 

under air was available. Theoretically the samples run under air and under nitrogen should show a similar 

shape of the curves, beside the last section above 450 °C regarding the degradation of GO. This is not the 

case for the reactions performed under heating, where little differences can be observed between the two 

TGA graphs (Figure 3.16 a and c). This is probably due to a huge loading of polymer for GO21-NI-a and 

GO21-NI-b. Thus, as it appears by looking at these two graphs, the loading of polymer for GO21-NI-a and 

GO21-NI-b is around 89-95% and 87-93%, respectively. For the reactions performed at room temperature 

this difference is not present. What we can observe is that the lowest loading was achieved by performing 

the reaction at room temperature without catalyst, with a value of 20% (GO21-NI-c). With the addition of 

NaOH or Et3N the loading increased to 30% (GO21-NI-d and GO21-NI-e). The same volume of NaOH (7.2 

mmol) and Et3N was used in GO21-NI-d and GO21-NI-e, as described in the article of Sandler and Berg.32 

Considering the similar outcome obtained using 7.2 and 2.2 mmol, respectively, we decided to verify if the 

addition of 7.2 mmol of Et3N would increase the polymerization of PG. As we can observe GO21-NI-f shows 

a loading increased only to 35%. 
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Figure 3.16 TGA curves of GO21 (performed in the different conditions) taken under air for a and b; and under nitrogen for c and d. 

 

The use of a catalyst did not allow to reach the same loadings of polymer compared to the reactions 

performed under heating.  

According to TGA, a reduction of GO could be observed in the case of GO21-NI-a_CONT (control performed 

at 140°C). This seems not to be the case for GO21-NI-b_CONT (Control performed at 80°C). We were 

expecting thermal reduction of GO already at 80°C, but there was no reduction in observable amount for 

GO21-NI-b, by looking at his control.  

The different samples were analyzed also by XPS. Considering that with the addition of polyglycidol we 

introduce carbon and oxygen in a 3:2 ratio no remarkable changes are expected in the C/O ratio (Table 3.7). 

Thus, the more PG we introduce on the surface of GO the more we expect the C/O ratio turn to 1.5, and 

this is also the case. Meanwhile, if we compare GO-NI with GO21-NI-b_CONT it is possible to notice, 

similarly to TGA, that the treatment at 80°C did not strongly affect the surface of GO. The C/O value of 

GO21-NI-a is justified by the important introduction of polymer that makes it difficult to observe the 

thermal reduction of GO treated at 140°C. If compared with GO21-NI-b the C/O ratio is slightly higher, likely 

consistent with reduction of GO. In GO21-NI-d, GO21-NI-e and GO21-NI-f, some residual sodium and 

nitrogen were detected, likely due to NaOH and Et3N trapped into the polymer. More interestingly, the D 

parameter was calculated for these samples. The D parameter can be calculated from the first derivative of 

the C KLL Auger peak, and gives an idea of the C sp2 amount in the total carbon content, as mentioned 

before.43 If we look at the percentages in Table 3.7, it is possible to see how these values turn to 0% due to 

the high amount of polymer for GO21-NI-a and GO21-NI-b. Meanwhile GO21-NI-c presents still 25% of C 

sp2, value that diminishes with the addition of a catalyst (GO21-NI-d, GO21-NI-e and GO21-NI-f) due to the 

increased addition of polymer. 
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Table 3.7 XPS C/O ratio, N1s and Na 1s percentages and D parameter for GO21 obtained from the reactions performed in different 

conditions.   

Name C/O N 1s (%) Na 1s (%) D parameter-C sp2 (%) 

GO-NI 2.2   47 

GO21-NI-a 1.8 - - 0 

GO21-NI-b 1.7 - - 0 

GO21-NI-b_CONT 2.2 - - 30 

GO21-NI-c 2.2 - - 25 

GO21-NI-d 1.9 - 0.5 12 

GO21-NI-e 2.1 0.64  - 28 

GO21-NI-f 2.0 0.79  - 22 
 

The interpretation of the carbon and oxygen high resolution spectra is instead more delicate (Figure 3.17). 

Indeed, the spectra change significantly with the formation of the polymer, mainly for the carbon spectra. 

For GO21-NI-a and GO21-NI-b there is one major peak, the one of the C-O bond of the polyglycidol. On the 

other hand, for GO21-NI-c it is possible to see the changes in the spectrum if compared to the starting GO-

NI, due to the presence of the aliphatic C-O bond in the sample. Another feature that can be observed is 

the absence of major changes for GO21-NI-b_CONT compared to the starting material, a further prove of 

negligible reduction for GO21-NI-b. The difference between GO21-NI-b_CONT and GO-NI could be due to a 

low amount of glycerol that reacted with GO or that adsorbed on the surface. An interesting characteristic 

is the shift in the C-O signal towards the C-C peak. This can be explained by the fact that the signal for the 

aliphatic ether bond appears at more positive binding energies compared to the aromatic one, as it is the 

case for the aliphatic ethers compared to the aromatic ethers in the oxygen spectra.18,44,45 A similar pattern 

can be also observed for the sample treated at room temperature with NaOH and Et3N. For the latter a 

decrease in the C-C peak compared to the C-O peak can be observed because of an increased amount of 

polymer present.  

294 292 290 288 286 284 282

Binding energy (eV)

 GO21-a

 GO21-b

 GO21-b_CONT

 GO21-c

 GO

294 292 290 288 286 284 282

Binding energy (eV)

 GO21-d

 GO21-e

 GO21-f

 GO

 

536 535 534 533 532 531 530

Binding energy (eV)

 GO21-a

 GO21-b

 GO21-b_CONT

 GO21-c

 GO

536 535 534 533 532 531 530

Binding energy (eV)

 GO21-d

 GO21-e

 GO21-f

 GO

 
Figure 3.17 Normalized XPS C1s and O1s high resolution spectra of GO21 obtained from the reactions performed in different 

conditions. 

In the oxygen high resolution spectra, the shift of the maximum of the peak can be also observed in the 

spectra of the different samples of functionalized GO compared to the starting GO. Indeed, as already 

mentioned before, the aliphatic ether and the hydroxyl groups appear at more positive binding energies 
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compared to aromatic ones. Because of a gradual increase of the polymer present, the maximum of the 

peak shifts progressively from 533 eV to 532 eV. 

To study the morphology of the conjugates after PG polymerization, SEM and TEM images were taken for 

the different samples, using a STEM apparatus. (Figure 3.18 and 3.19). 

 
Figure 3.18 SEM images of GO NI, GO21-NI-a, GO21-NI-b, GO21-NI-c, GO21-NI-d, GO21-NI-e, GO21-NI-f, of GO21-NI-a_CONT and 

GO21-NI-b_CONT. 

 

 
Figure 3.19 TEM images of GO NI, GO21-NI-a, GO21-NI-b, GO21-NI-c, GO21-NI-d, GO21-NI-e, GO21-NI-f, of GO21-NI-a_CONT and 

GO21-NI-b_CONT. 
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For both TEM and SEM, no significant changes can be noticed for the different samples. The only one 

showing a changed morphology is GO21-NI-a, probably due to the reduction of GO combined with the high 

polymer amount. No similar changes were observed in the corresponding control sample.  

Afterwards, to assess the improvement of the dispersibility of GO, the stability of the different samples in 

water was analyzed (Figure 3.20). GO-NI starting material is not water stable for long time; consequently, it 

starts to precipitate already after 15 minutes. Because of the presence of the polymer, there is an 

important increase in water dispersibility and stability of the different functionalized samples. This stability 

increases proportionally to the amount of PG introduced onto the surface of GO. Thus, the samples that 

showed the highest stability are GO21-NI-a and GO21-NI-b. A change in the color between these two 

samples can be observed too, which is typical of the reduction of GO. Indeed, GO21-NI-a shows a more 

blackish color, typical of reduced GO, compared to GO21-NI-b that still shows the brownish color of GO. 

GO21-NI-b was still precipitating after one week. Since we wanted a highly stable PG-GO derivative for 

further multifunctionalization, we decided to perform the polymerization on another GO obtained from the 

laboratory of Professor Yuta Nishina (Okayama University, Japan) (GO-Jp). In his laboratory, they produce a 

highly water stable GO. 

 

 
Figure 3.20 Water stability study for GO21 obtained from the reactions performed in different conditions. 

 

I started analyzing this GO by quantitative 13C solid state MAS NMR spectrum (Figure 3.21). Compared to 

the previous samples in this GO the peaks of the ketones and carboxylic acids can be clearly detected at 

192 and 164 ppm, proving a higher content of these groups.24,46,47  
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Figure 3.21 Quantitative 13C SS MAS NMR spectrum of GO-Jp. 

 

For this GO-Jp only the best reaction conditions were tried, GO21-Jp-b and GO21-Jp-f. As for GO-NI, 

different intensities were detected in the FT-IR spectra related to the different PG loadings (Figure 3.22, 

left). By both FT-IR and TGA (Figure 3.22, right), the formation of the polymer in GO21-Jp-b and GO21-Jp-f 

was confirmed. In TGA a loading of 85 and 60% was estimated for GO21-Jp-b and GO21-Jp-f, respectively. 

This time the reaction performed at RT with Et3N, showed higher loadings, probably due to the higher 

number of oxygenated groups on GO, the grafting points of the polymer. 
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Figure 3.22 (Left) FT-IR of GO21 on GO-Jp and (Right) TGA (in nitrogen atmosphere) of GO21 on GO-Jp. 

 

As for GO-NI, also for GO-Jp the PG polymerization slightly decreased the C/O ratio towards 1.5 because 

carbon and oxygen atoms are introduced in a 3:2 ratio (Table 3.8). This time the D parameter shows a C sp2 

amount between 0-3% for both samples because of the elevated amount of polymer introduced in both 

GO21-Jp-b and GO21-Jp-f. Contrary to GO21-NI-f, no Et3N contamination was found for GO21-Jp-f. 

 
Table 3.8 XPS C/O ratio, N1s percentage, and D parameter for GO21 obtained from the reactions performed in different conditions. 

Name C/O N 1s (%) D parameter-sp2 (%) 

GO-Jp 2.0 - 30% 

GO21-Jp-b 1.8 - 0% 

GO21-Jp-b_CONT 1.8 - 23% 

GO21-Jp-f 1.8 - 3% 
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A pattern similar to GO21-NI can be observed also in the XPS carbon and oxygen high resolution spectra of 

GO21-Jp, due to the introduction of the polymer (Figure 3.23). Again, no significant changes could be seen 

for GO21-Jp-b_CONT, indicating a negligible effect of the temperature on GO for GO21-Jp-b. Moreover, the 

carbon high resolution spectrum of GO21-Jp-f shows a more intense C-O region versus the C-C once 

compared to GO21-NI-f, consistent with the higher polymerization ratio of GO21-Jp-f also observed by 

TGA. 
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Figure 3.23 XPS C1s and O1s high resolution spectra of GO21 performed on GO-Jp in two conditions. 

 

GO-Jp did not show any precipitation after one week. GO21-Jp-b and GO21-Jp-f resulted also highly stable 

in water (Figure 3.25). 

 
Figure 3.25 Water stability evaluation of GO21-Jp. 

 

DLS measurements were performed for all samples. An increase in size could be observed, strongly 

dependent to the degree of polymerization. For the GO21-NI samples, often more than one family size 

distribution was observed, due to a less homogeneous starting material with a higher aggregation 

tendency. GO-Jp instead is more dispersible and has also a lower lateral size compared to GO-NI, as it can 

be observed by DLS. Due to the absent aggregation of GO-Jp a single-family dimension can be observed 

also after the polymerization process.  
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Figure 3.26 DLS data of GO21 obtained from the reactions performed in different conditions on GO-NI and GO-Jp. (GO21-NI-f was 

taken on another DLS apparatus, thus, GO21-Jp-b was taken to compare the two instruments). 

 

 In conclusion, we obtained a highly stable PG-GO conjugate using GO-Jp. As we decided to use 

GO21-Jp-b for further multifunctionalization studies, we decided to analyze further this sample using 13C SS 

MAS NMR (Figure 3.27). 
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a)  

b)   

Figure 3.27 a) Quantitative 13C SS MAS NMR spectrum of GO21-Jp-b and b) the respective magnified spectrum. 

 

The 13C SS MAS NMR spectrum shows a totally different pattern from GO. No signals of GO are present in 

the spectrum (Figure 3.27 a). The polymer loading is supposed to be very high (above 95%). It is possible to 

identify, instead, the characteristic peaks of polyglycidol even if the spectrum definition for GO20-Jp-b is 

low since similar conditions were used to take the spectrum of GO (Figure 3.27 b).48–51 As we can notice, 

the polyglycidol polymer displays a rather complex spectrum, but the values found are in agreement with 

those in the literature.48–51 

 

   3.3.4.2 Multifunctionalization on graphene oxide-polyglycidol conjugate 

Once we obtained the highly water stable PG-GO, we developed a strategy of multifunctionalization. PG-

GO, contrary to non-functionalized GO, presents only one oxygenated functional group, the hydroxyl. Thus, 

we envisaged two options: 1) to activate only part of the hydroxyls to obtain azides and then to 

functionalize separately the hydroxyls and the azides, or 2) to transform the totality of the hydroxyls in 

azides and to perform twice a Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction, also called click 

reaction, on part of the azides with two different molecules. In Professor Komatsu’s laboratory similar 

multifunctionalization protocols have been already established on polyglycidol.52,53 We decided to use mild 

conditions to avoid the reduction of GO. Considering the difficulty to establish the amount of hydroxyl 

groups without an XPS or NMR apparatus available in Japan, I decided first to try the conversion of the 

hydroxyl groups into azido groups and then to establish the amount of conversion to decide the next step.  

The hydroxyl groups were first activated to tosyl groups to obtain GO22-Jp (see procedure GO22 in Chapter 

6), and then NaN3 was added to obtain the azido derivative, GO23-Jp (see procedure GO23 in Chapter 6) 

(Scheme 3.17).52,53 A control reaction was performed starting from GO21-Jp-b_CONT for these reactions, 

leading to GO22-Jp_CONT and GO23-Jp CONT, performed without adding tosyl chloride and sodium azide, 

respectively. Once GO23-Jp obtained, the amount of azide introduced was measured by XPS in Strasbourg. 

Then, as a proof of concept, a kidney-targeting peptide was anchored to the azide through click reaction. 
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The idea was to combine this peptide with a fluorophore on the surface of PG-GO to follow in vivo the 

biodistribution and prove the renal targeting capacity [(KKEEE)3K] of the conjugate. The specific kidney-

targeting capacity of the (KKEEE)3K peptide was recently demonstrated in the literature.54 Moreover, its 

good tolerability and high plasma stability were also proved.55 An alkyne derivatized (KKEEE)3K was 

prepared in our laboratory through peptide solid-phase synthesis and added to GO23-Jp to get GO24-Jp in 

the presence of copper sulfate and sodium ascorbate (see procedure GO24 in Chapter 6). A control 

reaction was performed for GO24-Jp, GO24-Jp_CONT, to verify if the peptide can adsorb on the surface of 

GO23-Jp. This control reaction was performed by adding the peptide to GO23-Jp without sodium ascorbate 

and copper sulfate. 
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Scheme 3.17 Schematization of the derivatization reaction performed on GO21-Jp-b (The reactions GO22, GO23 and GO24 are 

shown only on one PG branch for clarity reasons). 

 

FT-IR and TGA were recorded for GO21-Jp, GO22-Jp and GO23-Jp (Figure 3.28). The identification of the 

tosyl group in the FT-IR is difficult because the bands are located in an area where GO-PG shows numerous 

signals. The bands at 1597, 1350 and 1176 cm-1 can be attributed to C=C stretching of the benzene ring and 

to the asymmetric and symmetric stretching of S=O of the tosyl group in GO22-Jp.52 Opposite, in GO23-Jp 

the band of the azide group can be clearly identified around 2100 cm-1, proving the positive result of the 
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reaction. In the TGA no significant changes in the control reactions were observed. Thus, no major changes 

were caused on the structure of GO by the reaction conditions used. Meanwhile, GO22-Jp shows two 

slopes, a weight loss between 200 and 250 °C and one between 400 and 450°C, both related to the tosyl 

derivative, as already reported in the literature.56 In GO23-Jp, due to the consumption of the tosyl group, 

the slope at 200-250°C disappears. Compared to GO21-Jp-b, the thermal decomposition of GO23-Jp started 

at lower temperatures, probably due to the presence of the azido group.  
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Figure 3.28 FT-IR spectra of GO21-Jp-b, GO22-Jp, GO23-Jp on the left and TGA of GO21-Jp-b, GO22-Jp, GO23-Jp, GO21-Jp-b_CONT, 

GO22-Jp_CONT and GO23-Jp_CONT performed in nitrogen atmosphere on the right. 

 

More information was obtained, instead, from the XPS analysis (Figure 3.29). Indeed, in GO22-Jp 1.28% of 

sulfur was introduced with the tosyl group, meanwhile in GO23-Jp sulfur was no more detected and 2.95% 

of nitrogen was measured. Thus, there was a complete conversion of the tosyl group into azide, also 

confirmed by the fact that the percentage of nitrogen is almost three times that of sulfur. 
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Figure 3.29 XPS survey spectra of GO22-Jp and GO23-Jp; C1s high resolution spectra of GO21-Jp-b, GO22-Jp and GO23-Jp, S2p high 

resolution spectra for GO22-Jp and N1s high resolution spectra for GO23-Jp. 
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In the C1s spectra a difference can be observed due to the introduction of the C-S or C-N bond for GO22-Jp 

and GO23-Jp, respectively. The sulfur high resolution spectra of GO22-Jp presents the peak of the tosyl 

group, as reported in literature, at 169.2 eV for S 2p3/2 and 170.1 eV for S 2p1/2.57 The nitrogen high 

resolution spectra of GO23-Jp, instead, displays the typical two peaks of the azide group, at 400.8 eV and 

404.5 eV. The peak at 400.8 eV can be assigned to the two outer nitrogen atoms and the one at 404.5 eV to 

the electron poor middle nitrogen atom.  

After conjugation of the peptide via the click reaction in GO24-Jp, there is a main change in the nitrogen 

high resolution spectrum (Figure 3.30). Indeed, due to the formation of the 1,2,3-triazole the characteristic 

peak of the azido group at 404.5 eV disappears and the peak at 400.8 eV is shifted to 400.5 eV, 

characteristic signal of the triazole, as reported in literature.58–60 The typical pattern of the azido group can 

be still observed instead in the nitrogen high resolution spectra of the control sample GO24-Jp_CONT, 

which indicates that the azide did not undergo degradation phenomena in the conditions used. In addition, 

in the survey spectra of GO24-Jp, compared to GO24-Jp_CONT, a higher content of carbon atoms can be 

detected due to the introduction of the peptide. Meanwhile, major changes can be observed in the carbon 

high resolution spectra of GO24-Jp. Indeed, the peak in the region of the C-C bonds becomes more intense 

compared to the one in the C-O region, due to the presence of the peptide. 
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Figure.3.30 XPS survey, N1s and C1s spectra of GO24-Jp and GO24-Jp_CONT. 
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GO24-Jp and GO24-Jp_CONT were also analyzed through FT-IR and compared to GO23-Jp (Figure 3.32). A 

decrease in the intensity of the signal of the azide is visible for GO24-Jp compared to GO24-Jp_CONT and 

GO23-Jp, due to transformation in triazole. Moreover, some of the characteristic peaks of the peptide 

appear only in GO24-Jp at 1653 and 1534 cm-1, confirming the introduction of the kidney targeting peptide 

via the click reaction. The absence of these peaks in the control reaction, GO24-Jp_CONT proves the 

absence of adsorption of the peptide on the surface of the GO conjugate. 
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Figure 3.32 FT-IR spectra of GO23-Jp, GO24-Jp, GO24-Jp_CONT and the peptide alone. 

 

Taken together, these data show the efficiency of our strategy to synthesize the PG-GO-peptide conjugate. 

But, due to a lack of time I could not start to investigate the addition of a fluorophore to this system. 

 

 3.4 Conclusion  

In conclusion, I tried different multifunctionalization protocols on the oxygenated functional groups present 

on the surface of GO and the best procedure appeared to be the combination of the opening of epoxides 

with the esterification reaction on the hydroxyl groups. The loading resulted not to give the expected 

outcomes, most probably due to the sterical hindrance caused by the island localization of the functional 

groups on the surface of GO. 

At the same time, I explored another approach of multifunctionalization by conjugating polyglycidol on GO 

to increase water dispersibility and biocompatibility of GO. On this PG-GO conjugate, a peptide was 

attached to target specifically the kidneys. This conjugate will be further functionalized with a fluorophore 

to allow in vitro imaging and in vivo biodistribution studies. 
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CHAPTER 4: HOW TO IMPROVE XPS ANALYSIS AND DATA INTERPRETATION TO STUDY GRAPHENE OXIDE

 AND OTHER NANOMATERIALS 

 4.1 Introduction 

XPS is a non-destructive surface analysis technique. With this method it is possible to measure the atomic 

composition and the chemical state of the constituents on a surface (3-10 nm thickness).1 The information 

on the chemical state can be easily extracted since the binding energies between atoms are sensitive to the 

chemical environment of the same atoms. The chemical environments that deshield the atom of interest 

will cause increased binding energies on the core electrons. Vice versa decreased binding energies will be 

observed for the core electrons of atoms that withdraw electrons from their neighbouring atoms.2 

This spectroscopy technique is often used to analyse nanomaterials. Establishing the atomic composition is 

convenient to find contaminants and presence of trace elements, or to quantify the introduction of certain 

functional groups. For graphene derivatives, XPS has been widely applied to determine the amount and 

type of oxygenated species still present after chemical processes (i.e. reduction).3–7 Indeed, from the 

chemical shift of the elements, it is possible to understand the type of chemical bonds that are present in 

the sample.2 

Due to the complexity of GO, this technique is valuable to understand better the surface chemistry of this 

material. XPS analysis can prove the presence of contaminants on the surface of GO left from the synthesis 

process and the type and amount of the functional groups present. In addition, by combining the data 

obtained with different characterization techniques, the risk of misinterpretation and loss of information 

due to potential modification of the material during the analysis decreases. Indeed, as mentioned in the 

Introduction (Paragraph 1.4.3), GO is sensitive to heating, irradiation and other conditions used for 

characterization. XPS, for example, can cause X-ray degradation of GO, mainly due to local heating. Similar 

degradations can be observed for GO also in Raman and AFM measurements as well. To limit this 

phenomenon and avoid misinterpretations, it is important to shorten the analysis time and use also other 

characterization techniques. 

For GO, considering that carbon is the main element present, the attention is focused on the interpretation 

of the C1s high resolution spectrum. In the literature, a lot of different interpretations of the carbon high 

resolution spectra of GO can be found. Indeed, the data interpretation is a sensitive matter due to the 

complexity of the material. Still, there are too many differences, most probably due to the partially 

insulating character of GO that causes a charge accumulation and consequently a shift of the peaks, and to 

the difficulty to have XPS peak standards (XPS analysis of similar simpler molecules taken on the same 

instrument to have the exact values for each functional group) for this material.  

Dubin et al. used XPS analysis to confirm the reduction of GO.5 They deconvoluted the spectra in C-C, C-O, 

C=O, COOH peaks (Figure 4.1). The interpretation of the spectra of GO and reduced GO seems plausible. 

However, it appears that there is a charge shift to higher binding energies for the spectrum of GO. GO 

usually shows as main peaks the C-C/C=C and the C-O peak. In this article, instead, the C-O and C=O 

appears to be the main peaks. There are two possibilities: either the composition of GO is different than 

usual, or the sample underwent a charging effect during XPS analysis, shift that brought to a wrong 

interpretation of the data. Indeed, GO opposite to graphene, due to its partial insulating character, which is 

related to its oxidation degree, can undergo this type of charging phenomena. 
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Figure 4.1 XPS carbon high resolution spectra of a) GO and b) rGO. Figures adapted from reference 5. 

 

In another study performed by Ganguly et al., XPS analysis was used to test the thermal deoxygenation of 

GO. The carbon high resolution spectra has been corrected to the C1s reference line at 284.5±0.2 eV prior 

to deconvolution, to correct this charging phenomenon.3 Afterwards, the spectra have been deconvoluted 

in C=C, C-OH, C-O-C, C=O, COOH (Figure 4.2). This is a plausible interpretation. However, GO is composed of 

both C sp2 and C sp3, detected at 284.5 eV and 285.2 eV, respectively, in an unknow ratio between them. 

Thus, is it correct to do a charge correction to the C1s at 284.5 eV if we do not know what is the major 

carbon component present? Or is this choice a too high approximation if afterwards we divide the spectra 

in peaks that are separated between each other by about 1 eV? 

 
Figure 4.2 XPS carbon high resolution spectra of a) GO b) GO treated at 200°C c) GO treated at 400°C d) GO treated at 600°C e) GO 

treated at 800°C and f) GO treated at 1000°C. Figure adapted from reference 3. 

 

All these interpretation issues brought to an elevated number of values assigned to the chemical species 

present in GO. If we compare the binding energies assigned to the different functional groups of GO, we 

can find important discrepancies. Indeed, if we analyse the carbon high resolution spectra deconvolution of 

two articles, one of Kumar et al. and the other of Kadam et al., there are clear differences in the peak 

assignment.8,9 In the spectrum interpretation of Kumar et al., C=C, C-C, C-OH, C-O-C, C=O, COOH are located 

at 284.4, 284.8, 286.0, 286.7, 287.9 and 288.9 eV, respectively (Figure 4.3 a). In the interpretation of the 

spectrum of Kadam et al. instead, these same peaks are located at 284.0, 284.5, 285.5, 286.5, 287.5 and 
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288.4 eV (Figure 4.3 b). Many other similar examples exist in the literature. Only to mention other two 

contributions, Stobinski et al. assigned the C=C, C-C, C-OH, C-O-C, C=O, COOH at 284.5, 285.2, 286.4, 287.1, 

288.0 and 289.2 eV, respectively, meanwhile Yang et al. assigned C-C/C-H, C-OH, C=O and COOH at 284.5-

285.0, 286.0-286.5, 287.0-287.5 and 288.5-289 eV(Figure 4.3 c,d).7,10 Due to the proximity of the binding 

energies of the peaks present in the GO carbon spectra, these little differences are significant and can lead 

to an important misinterpretation of the data. 

a) b)

c) d)  

Figure 4.3 XPS carbon high resolution spectra of a) Kumar et al. showing: graphite, GO, rGO and N-doped rGO (a: C sp2; b: C sp3; c: 

C−N; d: C−OH; e: C−O−C; f: C=O; g: C(O)O; h: π → π* groups), b) Kadam et al. showing GO, c) Stobinski et al. showing few-layer GO 

and d) Yang et al. showing GO treated at different temperatures. Figures adapted from references 7, 8, 9 and 10. 
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At this point two questions arise:  

- What is the best XPS data interpretation to limit erroneous conclusions? 

- What is the range of error that we should accept? 

 

 4.2 Objectives of this chapter 

In the main research topics of my project there has been an extensive need of high-resolution 

characterization techniques to understand the chemistry of GO and the changes it underwent following its 

surface functionalization. Because of the long times needed to obtain a solid state MAS NMR analysis and 

the quantity of samples required (~ 20 mg), XPS analysis was used as main technique for its fast and high 

resolution measurement. As soon as I started to use it, I faced these two main issues: i) charge shift, and ii) 

peak assignments. Thus, my objective was to improve XPS analysis of GO samples and limit shift 

phenomena in order to be able to exploit at maximum the information that can be taken from this 

spectroscopic technique.  

 

 4.3 Results and discussion 

I have applied XPS analysis mainly to GO, but I have also analyzed other nanomaterials, including boron 

nitrite, molybdenum sulfide, carbon nanotubes and graphene.11–15 Besides GO, all the other nanomaterials 

analyzed have a good conductivity, thus they do not generate charging problems during XPS analysis. GO, 

instead, due to the mixed composition of conductive and insulating patches, shows differential charging 

that makes a precise analysis difficult.  

 

  4.3.1 Carbon nanomaterials 

Different strategies were tested to improve XPS analysis of GO. First, the instrument settings were 

improved to verify if it was possible to obtain a better definition of the spectra. Afterwards, several 

substrates were investigated to see if it was possible to limit the charging effects. Finally, reference 

elements were studied to see if it was possible to use them to correct the shifts in the spectra caused by 

charging. 

 

   4.3.1.1 Instrument settings: Adjusting energy pass and binding energy step size 

To improve the XPS analysis for GO, I first started to change the XPS parameters used during the analysis. 

There are two main parameters to consider improving the resolution of the spectra: 1) the energy pass 

(Ep), and 2) the binding energy step size (Es). The Es is the number of points taken in the binding energy 

interval analyzed (Figure 4.4 a). By decreasing the Es, the information is collected at smaller intervals. The 

Ep is the potential difference between both hemispheres of the analyser.16 When the Ep is increased, more 

electrons pass through the analyser, obtaining signals with higher intensity but lower resolution. By using 

lower Ep, we obtain higher resolutions in the spectra. As a matter of facts, by decreasing the energy pass, 

the number of photoelectrons collected is reduced and the signal/noise ratio is increased. Therefore, by 

decreasing the Ep, the full width at half maximum (FWHM) of the peaks decreases, and it is easier to 

separate different peaks. But the intensity of the signal decreases as well (Figure 4.4 b). Usually an Ep 

between 10 and 25 eV is suggested for high resolution spectra, and for nanomaterials, including GO, an Ep 

of 10-15 eV is preferred.17  
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a) b)  

Figure 4.4a) XPS O1s high resolution spectra taken with different Es; b) Graphs showing the behaviour of FWHM and signal intensity 

by changing the Ep. Figures adapted from references 17,18. 

 

In my analyses, I first tried to modify the Es. The Es suggested for the XPS apparatus I used, a 

ThermoFisher K-alpha, is 0.1 eV that can be decreased to 0.05 eV in case spectra of better quality are 

needed. I tested both Es values (Figure 4.5 a) and I could notice that there was no significant difference in 

the spectra and in their deconvolution. Thus, considering that a spectrum with a Es of 0.05 eV takes twice 

the time of the spectrum taken at Es of 0.1 eV, time in which the sample could also undergo degradation, I 

opted to keep the Es at 0.1 eV. 

 Afterwards, I tested different Ep values. For a ThermoFisher K-alpha an Ep=50 eV is suggested for 

high resolution spectra by the apparatus supplier. Considering that for nanomaterials an Ep=10 eV is 

generally recommended, I investigated the possibility to decrease this parameter. A Ep of 10, 20, 30, 40, 50 

eV was tried on GO, keeping the time of the analysis constant (Figure 4.5 b).  
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Figure 4.5 XPS carbon (1s) high resolution spectra of GO taken a) with different Es; b) with different Ep (normalized spectra). 

 

For the trials with different Ep values, the same GO batch was employed. The analysis was repeated three 

times for each Ep on different positions (only one analysis is shown), and for each trial at the Ep chosen a 

different sample deposition was analyzed. Thus, we should consider the variability of the starting material, 

of the thickness of the deposition and the variability due to charging of the material. Unfortunately, no 

improvements in the resolution quality of the spectra could be observed for ThermoFisher K-alpha 

apparatus by changing the Ep. Indeed, by looking at the carbon high resolution spectra, in Figure 4.5b, no 

changes in the resolution could be observed. The analysis taken with an Ep=10 appears to be noisier since 

less electrons were collected, but the quality of the signal should be improved. Longer times could be 

employed for lower Ep, but longer times increase the risk of degradation of GO. Moreover, longer times 
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would, probably, only decrease the noise. The spectra were not charge shift corrected, thus, as it appears, 

the analysis performed with an Ep=50 displayed a more important charge shift compared to the others. 

Other differences that could be detected are in the ratio between the C-O area and the C-C one. No 

conclusion from these differences can be taken before having repeated the analysis, due to the high 

variability in GO samples. As it appears, the broadening caused by the apparatus at the Ep applied is less 

important than the broadening introduced by the characteristics of the material (material composition and 

homogeneity and thickness of the deposition). 

In Figure 4.6 the same carbon high resolution spectra as for Figure 4.5b are reported, without 

normalization of the data.  
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Figure 4.6 XPS carbon (1s) high resolution spectra of GO taken with different Ep values. 

 

As it is possible to observe there is a significant decrease in the intensity of the signal in the spectra by 

decreasing the Ep. Thus, considering that by decreasing Ep we lose signal intensity without obtaining a 

better resolution we decided to use an Ep=50 eV. 

In conclusion, no significant improvement for the analysis of GO was obtained on a ThermoFisher K-

alpha by changing the analysis settings. Thus, to obtain a good intensity of signals, we decided to perform 

the XPS analysis with an Es=0.1 eV and an Ep=50 eV. 

 

   4.3.1.2 Substrate matters: insulating versus conductive 

In XPS, the electrical charging of insulating samples is a main concern. The electrical conductivity of GO 

depends on the degree of oxidation. Thus, GO can be semi-conductive as well as insulating. Insulating 

samples pose a unique challenge for XPS analysis. Due to the loss of photoelectrons during the 

photoemission process, a positive charge will build up on the samples. This effect produces a shift of the 

peaks in the spectrum to higher binding energies. Commonly, a low energy electron flood gun is used to 

replace the emitted electrons.2 An overcompensation is often encountered too, leading to an excess of 

negative charging.19 In post-processing, the peaks can then be shifted back using an internal standard.  

The charging effect of the insulators depends on different factors: i) on the experimental conditions 

(irradiation conditions, flood gun settings and surrounding conditions during analysis), and ii) the 

characteristics of the sample (sample composition and preparation).20,21 The lack in homogeneity of GO also 

contributes to the difficulty to obtain a well repeatable spectrum.17 This inhomogeneity has already been 

noticed before for other carbon nanomaterials. Moreover, GO, due to its mixed semi-conductive and 
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insulating character, can show differential charging.2 In differential charging there are two contributions: 1) 

a vertical differential charging, and 2) an horizontal (also called lateral) differential charging. The first one 

broadens the peak uniformly; meanwhile, the second one usually produces a shoulder. The lateral 

differential charging can result from the fact that the area viewed by the analyser is larger than the 

irradiated area, or also because of the inhomogeneities in the sample composition, generating in both 

cases a peak shift and broadening.22 The vertical differential charging instead results from the electrons 

flowing from the ground to the analyzed surface. This charging depends also on the thickness of the 

deposition and it disappears when the sample is insulated from the spectrometer.22 These effects result in 

changes in the peak positions, and an erroneous assignments of the chemical states may result. Two factors 

can help to avoid or limit this differential charging. The first one is the sample preparation: the flatter is the 

sample, the lower charging differences are expected in the different spectra of the same sample. The 

second factor is the choice of the substrate. It has been reported that the electrical insulation of the entire 

sample from the specimen holder would avoid this vertical differential charging effect.2 This insulation 

would make the entire sample to behave as non-conductive. Thus, I tried to do both: to improve the 

sample preparation and to test different substrates. As substrates, I chose a silicon wafer with a SiO2 

coating of about 10 nm, indium foil with 99.99% purity, carbon tape and copper tape. These are all 

commonly used substrates for XPS. 

This study has been done at the same time of the previous studies reported in chapter 2 and 3. Thus, there 

has been a double intent, to improve the XPS analysis for GO samples and obtain the XPS data of the 

samples I was working with in the other projects. For the sake of clarity the less modified samples were 

chosen for comparison: starting materials and control samples.  

GO has been drop casted on the silicon wafer or pressed onto indium foil with a FT-IR KBr tablet pressing 

system to improve the sample preparation, and compared to the analysis taken on the sample as powder.  

In Figure 4.7 it is possible to compare the analysis of GO taken as a powder or drop-casted on a silicon 

wafer.  
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Figure 4.7 XPS C1s high resolution spectra of GO NI analyzed as a powder on the left and drop casted on a silicon wafer on the 

right. Every analysis was repeated on three different positions on the same samples. These three analyses are shown in black, red 

and blue, respectively. The maximum of the peak of the carbon region is reported in the spectra, with the respective distance from 

the peak maximum in the carbon oxygen bond region. 

 

The change of preparation method did not show important differences in the repeatability of the spectra. 

Indeed, both gave a good analysis depending on the flatness of the sample. For the powder, it depended on 

how the sample was pressed prior to analysis. Meanwhile, for the drop-casted sample it was related to the 



Chapter 4 

HOW TO IMPROVE XPS ANALYSIS AND DATA INTERPRETATION                                                                       

TO STUDY GRAPHENE OXIDE AND OTHER NANOMATERIALS 

108 

 

dispersibility of the sample in the solvent used. If the sample was aggregating while drying on the support, 

a less flat deposition was obtained. Thus, to improve the flatness of the sample, I tried to press it on an 

indium foil. The sample has been analyzed on In foil directly in contact with the support, or on In foil 

deposited on a silicon wafer (Figure 4.8). Indium foil is a conductive substrate and it was compared with 

indium foil on silicon wafer to have a sample electrically insulated from the support. The main difference in 

peak intensity between GO-Jp and GO17_CONT, as mentioned in the previous chapters, is due to the loss 

of some labile oxygenated function from the surface of GO in the case of GO17_CONT that happens even in 

mild conditions. 
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Figure 4.8 XPS C1s high resolution spectra of GO Jp and GO17_CONT pressed onto an In foil and Indium foil on silicon wafer, 

respectively. Every analysis has been repeated on three different positions on the same samples. These three analyses are shown in 

black, red and blue, respectively. The maximum of the peak of the carbon region is reported in the spectra, with the respective 

distance from the peak maximum in the carbon oxygen bond region. 

 

In both cases, there has been a little improvement in the quality of the spectra. But, still, differences in 

charging and repeatability of the analysis has been noticed (only the best spectra were chosen for all the 

figures). Thus, the sample flatness is not the only factor to take into consideration. Between the two 

substrates only little improvement can be observed in the charge shift of the spectra (285.8 eV versus 285.3 

eV from the C sp2 and sp3 at 284.5-285.2 eV).  

As mentioned before, I decided to deposit the sample also on a tape. Tapes are a suggested support for 

carbon nanomaterials. We chose two types of tapes, a classic carbon tape and a copper tape (Figure 4.9). 

The carbon tape was attached on a silicon wafer, meanwhile the copper tape was directly put in contact 

with the support. Thus, the first one is an insulating substrate, meanwhile the second is a conductive one. 

The samples were manually pressed on the tape.  

The samples analyzed on a tape, for both carbon and copper tape, showed a better repeatability of the 

analysis. Nevertheless, little differences could be still noticed. This could be probably attributed to the 

inhomogeneity in the composition of GO (for both) and the thickness of the deposition (for GO-Jp, because 

of the conductive substrate) that causes also differences in charging. Interestingly, for carbon tape and In 

foil deposited on silicon wafer, less differences in charge shift can be observed in the spectra of the same 

sample (Figure 4.8b and 4.9a). This is probably due to the insulating character of the silicon wafer that 

causes less interactions between the GO sample and the XPS support. This would confirm what was stated 

before: that insulating substrates would make the sample behave as non-conductive, limiting vertical 

differential charging phenomena. 
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Figure 4.9 XPS C1s high resolution spectra of GO NI analyzed on a carbon tape deposited on a silicon wafer and GO20_CONT 

analyzed on a copper tape. Every analysis has been repeated on three different positions on the same samples. These three 

analyses are shown in black, red and blue, respectively. The maximum of the peak of the carbon region is reported in the spectra, 

with the respective distance from the peak maximum in the carbon oxygen bond region. 

 

By changing the sample preparation and the type of substrate, I tried to both improve the 

repeatability of the analysis and the overall charge shift of the samples. If we compare all the spectra, by 

looking at the peak value of the carbon-carbon bond area, an important charge shift can be observed for all 

the specimens (from the C sp2 and sp3 values at 284.5 and 285.2 eV, respectively). All the spectra shown 

above were taken in the same conditions (also the flood gun settings were kept constant). The fact that this 

shift is different for all spectra excludes the possibility of a systematic machine error. Considering that only 

pristine GO and control samples were considered for comparison, no major differences in the peak position 

are expected because of sample composition. This is also confirmed by the constant distance between the 

two main peaks in the spectra (around 1.98 eV), which indicates that the contribution between the C sp2 

and C sp3 is similar and differences between the samples were not the cause of this charge shift. All spectra 

show a different charge shift mainly to higher binding energies. This shift has not been significantly 

improved by changing the substrate. The only spectrum that shows a less important shift is GO20_CONT 

measured on a copper tape. Thus, this substrate seems to be the most appropriate to avoid both charge 

shift and repeatability issues. 

The choice of the silicon wafer and In foil was also considered because it allows to have an internal 

reference to use for peak shift correction. Carbon and copper tapes, instead, show in the spectra a major 

carbon peak (because of the glue on the surface and the adventitious carbon). Thus, there are two negative 

aspects to consider for tapes: 1) the absence of an internal reference, and 2) the impossibility to verify if 

there is a contribution of the substrate in the spectrum of the sample. Instead, by using silicon wafers and 

In foil, if the elements of the substrate can be identified in the survey spectra, it can be immediately 

indicated an insufficient sample deposition on the substrate. Moreover, another difference was noticed 

between the analysis of the sample in form of a powder or deposited on a substrate. Indeed, a higher 

content of impurities was detected in the sample deposited on a substrate. Thus, extreme care should be 

taken by preparing the samples and pressing them on the substrate to avoid contamination. 

In conclusion, all substrates show positive and negative aspects. The tape seems the most 

appropriate substrate to limit charge shift and differential charging. Indium foil and silicon wafer instead 

can also be used as peak shift reference for charge correction (if the high resolution spectra of the 

respective elements are taken). Moreover, insulating substrates showed to limit vertical differential 
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charging of the samples. However, in all the cases there is still an important peak shift that should be 

corrected.  

 

   4.3.1.3 Charge correction to a reference material  

The first attempt for charge correction was done by measuring the signal of gold during the XPS analysis. 

For gold, the spectrum of Au 4f was recorded. For this spectrum, a spin orbit splitting is expected. Thus, 

two peaks can be observed with an area ratio of 3:4. Au 4f7/2 peak is expected at 83.95 eV.2 Analysis of gold 

on silicon wafer was performed as reference when the spectra of GO NI deposited on silicon wafer were 

investigated. These two samples were analyzed on different silicon substrates, one after the other during 

the same analysis. As we can observe in Figure 4.10 there is a different charge shift, one to higher and one 

to lower binding energies. As it appears they undergo different charging effects when analyzed with the 

support of an electron flood gun for charge compensation. 
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Figure 4.10 XPS high resolution spectra of Au4f for a gold sample and C1s for GO NI. 

 

To obtain a better reference that shows the same charging effect of the sample, the substrate onto which 

the sample was deposited, was analyzed. As for gold, also In 3d shows spin orbit splitting. Thus, two peaks 

can be observed in the spectra with an area ratio of 2:3 (Figure 4.11 left). As we can observe in the spectra 

of In 3d (Figure 4.11 a,b) there is a main contribution of In2O3 on the surface of the In foil, confirmed by the 

In:O ratio in the survey. Thus, we considered as reference the peak of In 3d5/2 for In2O3 that is expected at a 

binding energy of 444.8 eV.2 For the sample deposited on silicon wafer the spectra of Si 2p was recorded. Si 

2p shows closely spaced spin orbit components (Δ=0.63 eV) with an area ratio of 1:2. The peak of Si 2p3/2 is 

expected at a binding energy of 99.4 eV.2 

If we observe Figure 4.11, taking the signal of the substrate as reference for charge shift, correction seems 

a good option. Similar results were obtained for both In foil and silicon wafer (Figure 4.11 and 4.12).  
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Figure 4.11 XPS high resolution spectra of In3d taken from reference 23 (a), and In foil (b,d) and C1s of GO17_CONT and GO Jp 

(c,e). 

 

For GO17_CONT the correction would shift the spectra from 285.19 eV to 284.99 eV, meanwhile for GO Jp 

it would shift from 285.75 eV to 285.3 eV. If for GO17_CONT it seems a plausible correction, for GO Jp the 

final value appears not to be the appropriate yet. 

Surprisingly, GO11 analyzed on silicon wafer did not show a significant charge shift during this analysis, 

confirmed by the binding energy value of Si 2p3/2 (99.48 eV instead of 99.40 eV – Figure 4.12). 
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Figure 4.12 XPS high resolution spectra of Si2p taken from the substrate and C1s of GO11. 

 

Another trial was performed to further improve the charge correction with the support of a reference 

element for GO. NaCl was mixed to GO before XPS analysis to have a reference mixed to the sample. This 

trial was done to obtain the perfect charge shift value for GO. Indeed, since NaCl was mixed to GO, the 

same charge shift was expected in the spectra. NaCl was chosen because its signals are not supposed to 

overlap with those of GO. GO and NaCl were mixed in powder form in a mortar and then pressed onto 

indium foil. The peak of Na 1s is expected at 1071.9 eV for NaCl.2 Meanwhile Cl 2p has two spin orbit 

components, close to one another and Cl 2p3/2 is expected at 198.2 eV for NaCl.2 If we look at Figure 4.13, 

we can observe that there are different charge shifts for the element analyzed. Moreover, it seems that 

some degradation phenomenon occurred if we look at the C1s high resolution spectra of GO8_CONT after 

mixing with NaCl, phenomenon that is still unclear. 
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Thus, with the information available until now, mixing NaCl to GO, to have a reference inside the sample, 

appears not to be a good option. The use, instead, of the substrate as reference seems preferable.  
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Figure 4.13 XPS C1s, Cl2p and Na1s high resolution spectra of GO NI, In3d high resolution spectrum of In substrate and C1s high 

resolution spectra of GO8_CONT. 

 

   4.3.1.4 Optimization of data analysis 

To understand how to interpret the results obtained from the data analysis, I performed a thorough 

literature research. As one can notice from Figure 4.14, many different values are reported for the different 

functional groups of graphene oxide.3,7–10,24–51 As mentioned in the Introduction of this chapter, this is most 

probably due to the charging issues of GO and to its chemical complexity. From this study, the average 

value for each functional group was kept in consideration for data analysis and compared to the values 

reported in XPS free databases (xpsfitting and xpssimplified). Unfortunately, it was not possible to take 

standards on the same XPS apparatus, which would be a preferable option. Indeed, it would be the most 

reliable choice to avoid machine differences (between the one used in this study and those used in the 

references of the literature) and variability due to the chemical environment of the functional groups. In 

our case, the standards we would choose would be similar molecules to GO; thus, partial aromatic 

molecules bearing only one functional group for each molecule, in the way to obtain the precise value for 

each functional group present on GO. 
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Figure 4.14 Binding energy values reported in the literature for the functional groups present on the surface of GO.3,7–10,24–51 The 

values of each functional group are reported and also those for general C-O and C=O when hydroxyls, epoxides, ketones and 

carboxylic acids were not considered separately for fitting (the number of the articles in the y axis and the binding energy in the x 

axis). 

 

Due to the inhomogeneity of carbon nanomaterials, the best would be to perform XPS imaging to 

increase the number of analysis taken to have statistically valid spectra. Limited by the elevated costs and 

time for XPS imaging, the analysis for each sample was repeated three times or more if the spectra 

obtained did not show a satisfactory result. By optimizing the sample preparation and substrate type, 

charge correction could still be ameliorated and the analysis could be partially improved. The carbon KLL 

Auger spectrum are often taken for diamond and graphitic materials to calculate the C sp2 percentage of 

the sample in a semi-quantitative way.52–56 Recently, this technique was also applied to GO.57 The D 

parameter is not dependent from peak shift, thus, it could be used to ameliorate the charge shift correction 

in addition to charge correction using the substrate as reference.  

In Figure 4.16, C KLL Auger spectrum of the GO NI is shown. The D parameter was calculated and the ratio 

obtained for the sample was 45 % of hybridized sp2 carbon. This value was used to correct the charge shift 

of the carbon high resolution spectra and from this one all the other. Indeed, the C 1s high resolution 

spectrum was charge shift corrected to obtain a 45 % contribution of sp2 carbon atoms. Hence, the 

maximum of the carbon-carbon bond area of the carbon high resolution spectrum was shifted from 285.6 

eV to 284.8 eV. This charge shift was, afterwards, applied also to the other spectra. The deconvolution of 

the carbon and oxygen high resolution spectra was compared to cross check and verify the relevance of the 

data interpretation. In the fitting, the peak position and FWHM were constrained to increase the reliability 

of the analysis of the data (see Chapter 6 for details). 

As it is possible to observe in Figure 4.16, this data interpretation method appears to be a good 

procedure to obtain reliably analyzed XPS data for GO samples. 
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Figure 4.16 XPS survey and C1s, O1s, C KLL and first derivative C KLL high resolution spectra of GO NI pressed on In foil. 

 

In conclusion, the XPS acquisition was improved considering different aspects, including the analysis 

conditions, the sample preparation and the spectrum comparison. We established that the important 

factors are: 

- Careful preparation of the sample, making it flat;  

- Choice of a proper substrate for XPS;  

- Correct the charge shift by taking the C KLL spectra to know the sp2/sp3 ratio;  

- To use peak and FWHM constrains for spectra deconvolution;  

- To crosscheck the fitting of the different elements. 

 

 

  4.3.2 Other materials: Boron nitrite and molybdenum disulfide 

I was also involved in the XPS analysis of molybdenum disulfide and boron nitrite in the frame of a 

biodegradation study. The biodegradability was investigated for future biomedical applications of these 

materials. 
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   4.3.2.1 Boron nitrite 

Hexagonal boron nitride (hBN) is an emerging 2D material, also known as white graphene that shows a 

strong oxidation resistance. The degradation of hBN treated with horseradish peroxidase (HRP), a plant 

enzyme, myeloperoxidase (MPO), a human enzyme from neutrophils, and UV-assisted photo-Fenton (P.F.) 

reaction was studied by our group.15 In the frame of this study, the P.F. reaction was followed via XPS 

analysis. The P.F. reaction of hBN nanosheets was performed in the presence of FeCl3 and H2O2 at pH 4 

under UV irradiation at 365 nm for 100 h. This reaction generates hydroxyl radicals catalyzed by FeCl3. By 

looking at the XPS survey spectra taken at 0, 40 and 100 h, a strong oxidation of BN was observed (Figure 

4.17, left). Indeed, the percentages of boron and nitrogen decreased with a simultaneous increase in the 

percentage of oxygen (Table 4.1). 

 

Table 4.1 XPS atomic percentages of hBN samples after 0, 40 and 100 h treatment via P.F. reaction. 

 B1s N1s O1s 

0 h 46.5 % 42.9 % 10.6 % 

40 h 18.8 % 17.1 % 64.1 % 

100 h 3.9 % 9.0 % 87.1 % 

 

In the XPS high resolution spectra, instead, it is possible to observe an important decrease in the intensity 

of the signal of boron and a shift of nitrogen towards higher binding energies, which can be attributed to 

the formation of bonds with hydrogen during the oxidation process in presence H2O2.58 In the oxygen high 

resolution spectra, instead, no significant changes can be detected, beside the increase in intensity. 

Moreover, due to the deposition of a small volume of sample on silicon wafer, the contribution of SiO2 

should be considered as well at 532.9 eV, that limits the interpretation of the oxygen spectra. 

 
Figure 4.17 XPS spectra of hBN sheets. Left: survey spectra of hBN at 0, 40, and 100 h of P.F. reaction. Right: High resolution spectra 

of B1s, N1s and O1s of hBN at 0, 40, and 100 h, respectively. Figure adapted from reference 15. 

 

Overall, the XPS analysis confirmed the degradation of BN during P.F. reaction. 

 

   4.3.2.2 Molybdenum disulfide 

The biodegradability of exfoliated pristine and covalently functionalized MoS2 (f-MoS2) was investigated by 

our group.14 Opposite to hBN, MoS2 is unstable in ambient condition, it is subjected to environmental 

degradation over a period of several months.59 The degradation of MoS2 and f-MoS2 was studied in 

presence of HRP in phosphate buffer, MPO in NaCl solution, both with addition of H2O2, and in presence of 

only H2O2. XPS analysis was performed to get more details about the oxidation degree of molybdenum 
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during the degradation process. XPS analysis was taken from the samples after treatment with HRP for 30 

days, with MPO for 24 hours and H2O2 alone after 14 days for MoS2 and 30 days for f-MoS2. 

Mo 3d is subjected to spin orbit splitting showing two peaks with 3/2 and 5/2 j values and an area ratio of 

2:3 (Δ=3.15). S 2p, as also Mo 3d, shows spin orbit splitting as well. For S 2p there are two peaks with 1/2 

and 3/2 j values in an area ratio of 1:2 (Δ=1.16 eV). If the two spin orbit components show two separate 

peaks for molybdenum, this is not the case of sulfur, because of the proximity of the two peaks. For sulfur 

an asymmetry can be noticed due to the contribution of S 2p1/2 and S 2p3/2. 

Because of spin orbit splitting MoS2 starting material is expected to show two peaks in the Mo 3d spectra, 

Mo 3d5/2 and Mo 3d3/2 at 229.1 eV and 232.3 eV, respectively.60 After the degradation, instead, the 

appearance of Mo 3d5/2and Mo 3d3/2 at 232.2 eV and 235.4 eV, respectively, is expected, due to the 

oxidation of MoIV to MoVI.60 In the starting material the MoVI peaks are absent.14 

In Figure 4.18 for f-MoS2 (B, D, and F) a partial degradation can be observed in the Mo 3d spectra, beside 

for the sample treated with MPO (D). Indeed, both species can be detected, MoIV of MoS2 and MoVI. 

Pristine MoS2, instead, showed a complete degradation in all conditions (Figure 4.18 A, C and E).  

Apparently, f-MoS2 shows a higher resistance to degradation compared to pristine MoS2. 

 
Figure 4.18 XPS Mo 3d high resolution spectra of MoS2 and f-MoS2 treated with: A,B) HRP+H2O2 (after 30 d); C,D) MPO+H2O2 (after 

20h); and E,F) H2O2 alone (after 14 d for MoS2 and 30 d for f-MoS2). The differences in the signal intensities of the XPS spectra of 

the three conditions (HRP, MPO and H2O2) are due to the varied amounts of the final solutions recovered. In addition, the presence 

of salts and enzymes in the buffer used for the treatments contributes to the low signal intensities. Figure taken from reference 14. 

 

In the spectra of sulfur, the oxidation of S2- into SO4
2- was confirmed. S2- for MoS2 is expected to show two 

peaks at 162.0 and 163.2 eV, for S 2p3/2 and S 2p1/2 respectively.60 After oxidation, the peaks of SO4
2- appear 

at 168.9(±0.6) eV for S 2p3/2 and 170.1(±0.6) eV for S 2p1/2 (constant distance of 1.2 eV between S 2p3/2 and 

S 2p1/2).2 As in the case of Mo 3d spectra, also for sulfur partial degradation was observed for f-MoS2. 

Indeed, the peaks of both species can be observed in the spectra of Figure 4.19 B and F. Again, exception is 

taken for f-MoS2 treated with MPO. Total degradation is confirmed, instead, for pristine MoS2, in line with 

what was observed in Mo 3d high resolution spectra. 



Chapter 4 

HOW TO IMPROVE XPS ANALYSIS AND DATA INTERPRETATION                                                                       

TO STUDY GRAPHENE OXIDE AND OTHER NANOMATERIALS 

117 

 

 
Figure 4.19 XPS S2p high resolution spectra of MoS2 and f-MoS2 treated with: A, B) HRP+H2O2 (after 30 d); C,D) MPO+H2O2 (after 

20h); and E,F) H2O2 alone (after 14 d for MoS2 and 30 d for f-MoS2). Figure taken from reference 14. 

 

In summary, the biodegradability of MoS2 in biological conditions was demonstrated, using XPS as 

supporting tool to understand the transformation that happened. 

 

 4.4 Conclusion 

In conclusion, we succeeded in the optimization of the XPS analysis conditions for GO samples to increase 

the reliability of the analysis and data interpretation for this material. Moreover, XPS was used also on 

other 2D nanomaterials mainly to follow their biodegradation. Both, hBN and MoS2 resulted degradable, 

aspect that makes them suitable for biomedical applications. 
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CHAPTER 5: CONCLUSION AND PERSPECTIVES  

  5.1 CONCLUSIONS 

With this study, I got an overall comprehension of GO, from its surface composition, to its reactivity 

towards mono and multifunctionalization and to its biodistribution in mice. Moreover, I improved the 

characterization and water dispersibility of GO. 

 I started by studying the surface composition and reactivity towards functionalization of the 

oxygenated groups supposed to be present on the surface of GO. Thus, the amidation and esterification 

reactions were performed on the carboxylic acids, the opening of epoxide rings, as well as the esterification 

and Williamson reactions on the hydroxyl groups and finally the Wittig reaction on the ketones. The main 

groups that appeared to be present on the surface of GO and prone to functionalization are the hydroxyl 

groups and the epoxide rings. Only a negligible amount of carboxylic acids was detected on the surface of 

GO. This result has been confirmed by solid state MAS NMR analysis.  

The reactivity of differently synthesized GO samples commercially available was investigated. One type of 

GO was obtained through the Hummers oxidation process (GO NI) and another type of GO was generated 

via cutting and exfoliation of carbon nanofibers (GO Ant). These two differently synthesized GO showed the 

same type of functional groups with only little variability in their amount. I also had the opportunity to 

work with two other GO samples, both obtained via the Hummers' method (GO-K and GO-Jp). On their 

surface mainly hydroxyls and epoxide rings were detected. Only on GO-Jp a higher content of carboxylic 

acids was measured by solid state MAS NMR. Although other GO samples obtained with different synthesis 

processes should be tested, with the information collected within this study, we can already state that the 

surface of GO is generally composed mainly of epoxides and hydroxyls independently of the synthesis 

process and conditions.  

Among the reactions developed on GO, the opening of epoxides was exploited to attach a radionuclide 

chelating agent to complex In [111] for an in vivo biodistribution study. In the frame of this study, size 

sorted GO was used: large GO, small GO and ultra-small GO. GO showed a size-dependent biodistribution 

and all samples were excreted via mainly urines but also faeces. 

 We exploited the reactions investigated for the surface composition study to develop a 

multifunctionalization strategy. Multifunctionalization is highly promising to obtain a multifunctional 

material. Different strategies were examined mainly by functionalizing the hydroxyl and epoxide groups. 

Orthogonal protecting groups were found to be able to control independently the two chains. The 

combination of an acid sensitive (Boc) and a photocleavable group, ortho-nitrobenzyl derivative, appeared 

to be the best to avoid alteration of the surface composition of GO due to the deprotection conditions. The 

best multifunctionalization strategy seemed to be the combination of the opening of epoxides with a 

diamino-derivative with the esterification on the hydroxyl groups. Interestingly, during 

multifunctionalization, we discovered that it was not possible to graft molecules above a certain amount, 

limit that could be explained by the island localization of the oxygen-containing functional groups on the 

surface of GO. Thus, due to sterical hindrance of the first molecule introduced, the second one cannot be 

grafted efficiently to the surface of GO above a certain amount. Moreover, we noticed that often the 

dispersibility of GO samples is decreased after functionalization. This is a real issue in the production of GO 

conjugates for biomedical applications. Thus, we investigated an alternative multifunctionalization strategy. 

First, the dispersibility of GO was increased with a highly water dispersible and biocompatible polymer, the 

polyglycidol. The polymerization was tested in different conditions to find the best polymerization 

conditions without thermally affecting the surface of GO that would result in the reduction of GO. High 

loadings of polyglycidol on GO were obtained (up to 95%). Subsequently, functionalization was performed 

on the  hydroxyl groups of this polymer. The multifunctionalization strategy envisaged to partially convert 

the hydroxyl in azides and to perform a click reaction on the azide group and an esterification on the 
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hydroxyls left on the surface of the polymer. I efficiently conjugated a kidney targeting peptide via click 

reaction. However, due to a lack of time I did not manage to perform the second step of the 

multifunctionalization in order to conjugate a fluorophore for imaging purposes. 

 Finally, the characterization of GO samples has been improved. Indeed, characterization of GO with 

high resolution techniques is important due to the complexity of this material. Solid state MAS NMR and 

XPS were thoroughly exploited. The solid state MAS NMR analysis of several GO samples were performed 

in collaboration with Jesus Raya of the University of Strasbourg. Quantitative 13C MAS NMR and 1H-13C 

FSLG-HETCOR were recorded. For XPS analysis, a thorough study was performed to optimize the analysis 

conditions and improve the data interpretation for GO samples. Indeed, due to partial insulating and partial 

semi-conductive character, this material undergoes complex charging effects. The sample preparation and 

choice of substrate were ameliorated. Moreover, I found that the best way to treat XPS data is to use 

constrains for peak position and FWHM, to compare the deconvolution of the spectra of the different 

elements present in the sample, and to exploit the C KLL Auger peak to calculate the C sp2 and sp3 ratio and 

to exploit it to apply the charge shift correction to the spectra.  

XPS analysis was also employed to follow biodegradation experiments of hBN and MoS2, emerging 2D 

materials in the biomedical field. Both proved to be biodegradable. 

 In conclusion, I focused on key aspects for GO, in particular the surface composition, reactivity, 

biodistibution and characterization. These are all important aspects to be able to further exploit this 

material for a plethora of applications in different fields, and especially, in our case, in nanomedicine. 

 

  5.2 PERSPECTIVES 

For the surface composition study, an investigation of the localization of the functional groups on the 

surface of GO can be envisaged. This investigation would help to understand better the characteristics and 

reactivity of this material. In addition, other reactions could be tested on GO, reactions that could be 

afterwards exploited to design new multifunctionalization strategies (such as the formation of stable cyclic 

acetals on the carbonyl group, the Appel reaction on the hydroxyl groups).  

The next objective for the multifunctionalization study will be to obtain a double functionalized GO 

conjugate for targeting purposes. Indeed, via multifunctionalization an imaging molecule in addition to the 

targeting peptide could be grafted. Because of its excellent aqueous processability, amphiphilicity, surface 

functionalizability and fluorescence quenching ability, GO is a promising material for biomedical 

applications. The knowledge assimilated with this study will help to develop covalently multifunctionalized 

GO materials and to design new strategies for multifunctionalization. 
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CHAPTER 6: EXPERIMENTAL SECTION 

 6.1 Materials 

 

  6.1.2 Graphene oxide: source and synthesis method 

For the surface chemistry study, GO samples were provided by Grupo Antolin (Spain) and NanoInnova 

Technologies (Spain) (batch2: GO.M.60-8; batch3: NIT.GO.Z.10.4; batch4: NIT.GO.R.10.1; batch 5: 

NIT.GO.M.10.200). NanoInnova graphene oxide is prepared by the Hummers' method. GO from Antolin is 

derived from carbon nanofibers that consist of ribbons of about five stacked graphene layers rolled up 

along the fiber axis and developing a continuous spiral. These rolled carbon nanofibers are cut and 

exfoliated into GO. The thickness of the NanoInnova GO layers reaches 20 nm, indicating the presence of 

aggregated GO sheets. Differently, GO obtained from Antolin contains monolayer sheets of ~1 nm 

thickness, along with many irregular particles with a thickness from 3 to 10 nm. 

 For the biodistribution study, the GO was obtained from the research group of Prof. Kostas 

Kostarelos (University of Manchester, UK). Three batches were used. The large-GO has a lateral size 

distribution of 30 µm-10 µm, the small-GO of 1 µm-100 nm and the ultrasmall-GO <50 nm. 

 For the dispersibility and multifunctionalization study, besides the GO NanoInnova, a GO from Prof. 

Yuta Nishina (Okayama University, Japan) was used. This GO has an average lateral size of 1 µm. 

 

  6.1.3 Chemicals and Solvents 

Chemicals were purchased from Sigma-Aldrich, Acros, Alfa Aesar Laboratories, and used as received 

without any further purification. DOTA derivatives were purchased from CheMatech (Macrocycle design 

technologies), meanwhile NH2-PEG23-NHBoc and N3-PEG36-OH from Quanta BioDesign. All solvents used for 

synthesis were analytical grade. When anhydrous conditions were required, high quality commercial dry 

solvents were used. Water was purified using a Millipore filter system MilliQ® equipped with a Biopak® 

filter for pyrogen-free, DNase-free and RNare-free ultrapure water (Lot. F7HA16783; code 0310). 

 

  6.1.4 Characterization Methods and Instrumentation 

Thin Layer Chromatography (TLC) - TLC was conducted on pre-coated aluminium plates with 0.25 mm 

Macherey-Nagel silica gel with fluorescent indicator UV254. 

Column Chromatography - Chromatographic purifications were carried out with silica gel (Merck Kieselgel 

60, 40-60 μm, 230-400 mesh ASTM). 

Nuclear Magnetic Resonance - 1H-NMR and 13C-NMR spectra were recorded in deuterated solvents using 

Bruker Avance I – 300 MHz and Bruker Avance III – 400 MHz. Chemical shifts are reported in ppm using the 

residual signal of deuterated solvent as reference. The resonance multiplicity is described as s (singlet), d 

(doublet), t (triplet), q (quartet), qt (quintuplet), m (multiplet), bs (broad singlet), bd (broad doublet), bt 

(broad triplet). Coupling constants (J) are given in Hz. 

Infrared Spectroscopy - IR spectra were recorded on a Perkin Spectrum One ATR-FT-IR spectrometer or IR 

Prestige-21 SHIMADZU (for PG-GO) using KBr pellets. 

ESI Mass Spectrometry - Mass spectra were recorded on a Thermo Fisher Finnigan LCQ Advantage Max 

Instrument. 

UV-Vis-NIR Spectroscopy - UV-Vis-NIR spectra were recorded using a Varian Cary 5000 spectrophotometer, 

using 1 cm path quartz glass cuvettes. 

Transmission Electron Microscopy - TEM analysis was performed on a Hitachi H600 or on a Hitachi H7500 

microscope with an accelerating voltage of 75 kV or 80 kV, respectively. The samples were dispersed in 

water/MeOH (1:1) at a concentration of 0.05 mg·mL-1 and the suspensions were sonicated for 15 min. Ten 
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microliters of the suspensions were drop-casted onto a carbon-coated copper grid (Formvar/Carbon 300 

Mesh, Cu from Delta Microscopies) and left for evaporation under ambient conditions. 

Scanning Transmission Electron Microscopy - For PG-polymerized samples a JOEL JSM-7500F field emission 

scanning electron microscope at 25 kV accelerating voltage for TEM model has been used. Samples were 

drop-casted onto carbon-coated copper grids. 

Thermogravimetric Analysis – TGA was performed using TGA1 (Mettler Toledo) apparatus from 30°C to 

900°C with a ramp of 10°C min-1 under N2 using a flow rate of 50 mL min-1 and platinum pans. For TGA 

under air a Q-50 analyzer (TA instruments) was used, with a heating rate of 20°C min-1 and a flow rate of 60 

mL min-1 and platinum pans. 

Quantitative Kaiser Test - Three solutions were prepared separately: 

- 10 g of phenol dissolved in 20 ml of ethanol (solution I) 

- 2 ml of KCN 1 mM (aqueous solution) dissolved in 98 ml of pyridine (solution II) 

- 1.0 g of ninhydrin dissolved in 20 ml of ethanol (solution III) 

An amount of approximately 200 μg of GO conjugates was carefully weighted and then the following 

solutions were carefully added into the test tube: 75 μl of solution I, 100 μl of solution II and 75 μl of 

solution III. As blank solution, the three solutions were mixed in a test tube without GO. The test tube was 

sonicated in a water bath for 5 minutes, heated at 110°C for 5 minutes and then cooled rapidly in an ice 

bath to stop the reaction. 2.75 ml of 60% ethanol were added and the suspension was mixed. A UV-Vis 

cuvette was filled with the blank solution to collect the baseline. The absorbance of each sample was 

measured at 570 nm. The calculation of the amine loading was made using the Equation V.1. 

The result was expressed as micromole of amino group per gram of material. The test was performed at 

least three times for each sample. 

 
Equation 6.1: GO loading calculation. Dilution is equal to 5 ml and molar extinction coefficient to 15000 M-1·cm-1.1 

 

X-Ray Photoelectron Spectroscopy - XPS was performed on a Thermo Scientific K-Alpha X-ray photoelectron 

spectrometer with a basic chamber pressure of 10-8-10-9 bar and an Al anode as the X-ray source (1486 eV). 

The samples were analyzed as powder or deposited on a support via drop-casting on a silicon wafer coated 

with SiO2 (200 nm±5% of SiO2, Tedpella 21620-6) or pressed onto indium foil (0.127 mm, 99.99%, from Alfa 

Aesar) or presses onto scotch tape (3MTM EMI Copper Foil Shielding Tape 1182; or 3M Scotch® carbon 

tape). Spot size of 400 μm was used. The survey spectra are average of 10 scans with a pass energy of 

200.00 eV and a step size of 1 eV. The high resolution spectra are an average of 10 scans with a pass energy 

of 50 eV and a step size of 0.1 eV. The pass energy of 50.00 eV corresponds to Ag 3d5/2 line FWHM of 1.3 

eV. A pass energy of 50.00 eV for the high resolution spectra was applied because lower pass energies has 

shown no improvement in FWHM for graphene materials on Thermo Scientific K-ALPHA. An ion gun was 

turned on during analysis. For each sample, the analysis was repeated three times. Because of the difficulty 

to take standards for carbon nanomaterial, database and articles were used as peak reference value.2 

Thirty five articles on GO and XPS characterization were examined; a selection of four articles is found in 

references.3–6 For data analysis casaXPS (2.3.18) software was used. A shirley background subtraction and 

charge correction were applied if needed (to the C-C peak at 285.2-285.3 eV). When applied, potential 

error due to this charge correction was considered. Reference elements were also studied for charge 

correction. A line-shape 70% Gaussian/30% Lorenzian [GL(30)] was selected for all peaks apart from for C 

sp2 peak. For C sp2 peak an asymmetric line-shape was chosen [A(0.4, 0.38, 20)GL(20)]. FWHM was 

constrained to be the same for all peaks, apart from the pi-pi* peak and the water peak because these are 
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broad signals. The peak position for each bond was constrained to be the same in every spectrum, with a 

low ratio of variability. For the surface composition study the carbon spectra were deconvoluted in C=O, C-

O, C-N and C sp2 and sp3. These peaks were constrained to have the same FWHM, apart from the C-N 

because it is the only peak not considering two functional groups. For the DOTA-GO samples and the 

multifunctionalization study, instead, almost every bond was considered individually in the carbon high 

resolution spectra, keeping into consideration the error due to the proximity of the binding energy (BE) 

values and proportional to the overlapping ratio. Only C-OH/C-N and C=OOR/C=ONR2 were cumulated 

under the same peak due to the higher proximity of the BE values. For oxygen and nitrogen high resolution 

spectra all signals were assembled due to the high proximity of the BE values. Also with this approximation 

a certain degree of error should be taken in to account. In the table, the deconvolution constrains used are 

reported. 

Table 6.1 BE values used for peak deconvolution in XPS data analysis. 

C1s C=C C-C C-OH, C-N C-O-C C=O C=OOR, 

CHONR2 

Π- Π* 

Peak (eV) 284.4 (±0.2) 285.2 (±0.1) 286.5 (±0.3) 287.1 (±0.2) 288.1 (±0.1) 289.1 (±0.1) 290 (±0.2) 

FWHM (eV) 0.7-1.8 1-2.5 

 

O1s H2O C-O-C, C-OH, 

(C=O)OH 

C=O, C=OOH, 

C=ONR2 

Peak (eV) 535.0 (±0.1) 532.8 (±0.1) 531.1 (±0.15) 

FWHM (eV) 1-2.5 0.9-1.8 

Raman Spectroscopy - Raman spectroscopy was performed using a Renishaw inVia microRaman equipped 

with a Leica microscope. The spectra were recorded using 514 nm laser (5% laser power) and ×50 objective 

lens. The samples were prepared by drop casting water dispersions of the respective samples on Si window 

-E coated (Ø25.4 mm, 5 mm thick) substrates (ThorLabs), followed by drying at room temperature.  

Solid-state MAS NMR - SS MAS NMR experiments were performed on an AVANCE 750 MHz wide bore 

spectrometer (BrukerTM) operating at a frequency of 188.5 MHz for 13C and equipped with two different 

MAS probes: a double resonance MAS probe designed for 2.5 mm o.d. zirconia rotors (closed with Kel-F 

caps) and a triple resonance MAS probe designed for 3.2 mm zirconia rotors (also closed with Kel-F caps). 

The samples were spun either at 30 kHz spinning frequency (MAS 2.5) or 18 kHz (MAS 3.2).  

 2D 1H-13C HETCOR with FSLG irradiation during the evolution time7 was obtained with the first CP 

step following the Adiabatic Passage through the Hartmann-Hahn (HH) conditions scheme8. The latter 

conditions were set to 97 kHz and 127 kHz B1 fields for 13C and 1H, respectively (when spinning at 30 kHz), 

and 90 kHz /108 kHz in the other case (MAS = 18 kHz). The 1H RF field was swept from 107 to 147 kHz (MAS 

= 30 kHz) or from 93 kHz to 123 kHz (MAS = 18 kHz) through the HH condition using the tangential time 

dependence and defined by the shape angle φ= atcp/2 where a is the rate of angular,9 φ and tcp (contact 

time) were set to 88° and 1.5 ms after optimization.10 Proton decoupling during acquisition was obtained 

by using SPINAL-6411, while the recycle time was set to 1 s. The duration of the successive FSLG pulses was 

3.57 μs and the magic-angle pulse length was 1.34 μs. A number of 192 complex data points were acquired 

in the 1H indirect dimension and for each t1 increment 2048 scans were accumulated leading to a time 

resolution of 6.3361 ms for 1H and 12.2880 ms for 13C. Prior to Fourier transformation, a Lorentzian line 

broadening of 150 Hz was applied in the direct dimension, while the proton dimension apodization was 

done with a 90° shifted squared sine-bell function.  

 1D 13C{1H} CP/MAS spectra were recorded with the same spectral parameters than 2D spectra. But, 

owing to the spectral wide lines and in order to get undistorted line-shapes, we used and improved CP 

experiment version that perform Hahn’s echo prior to FID acquisition.12 The latter echo had to be 

N1s C-NR2, 

C=ONR2 

C-N+R3 

Peak (eV) 399.8 (±0.2) 401.9 (±0.1) 

FWHM (eV) 0.8-1.9  
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synchronized with the rotation (echo time = n rotation periods) and was kept identical for all 13C spectra 

and equal to two rotation periods. The total echo time was 66.67 μs (MAS = 30 kHz) and 111.11 μs (MAS = 

18 kHz).  

Quantitative 1D 13C{1H} DP spectra were acquired directly with the original Hahn’s echo sequence12, with a 

recycling delay set to 30 s to ensure reliable quantitation (total experimental time was 24 h per spectrum). 

Filtration - For filtration workup PTFE membranes from Millipore MWCO were used. 

Dialysis - For dialysis purification MWCO 12000-14000 Da membrane tubes purchased from Spectrum 

laboratories were employed. For dialysis milliQ water was used and the water was changed three times a 

day. 

HPLC - Reversed phase high-performance liquid chromatography analyses (RP-HPLCanal) were performed on 

a Waters Alliance e2695 instrument, with integrated autosampler and a Waters 2998 PDA detector, using a 

Macherey–Nagel Nucleosil 100–5 C 18 column 4.6x125 mm (gradient: 20-80% B and 1-31% in 20 min at 1.2 

mL/min flow rate). The purifications by preparative RP-HPLC were performed on a Beckman instrument 

equipped with a System Gold 166 NMP detector with a Macherey–Nagel Nucleodur 100–16 C18 column 

(gradient: 20–80% B in 20 min at 6 mL/min flow rate; λ = 220 nm). Eluent for both analytical and 

preparative RP-HPLC: A = H2O+0.1% TFA, eluent B = MeCN+0.08% TFA. 

Sonication – Sonication was done with a Elmasonic P (Elma) (20 W, 40 kHz). For PG-polymerization Branson 

5510J-MT sonicator has been used, with water cooling system stabilized at 20°C. 

Dynamic Light Scattering - DLS was performed on a Nanotrac UPA EX150 (Nikkiso Co. Ltd.) and a Nanostar 

from Wyatt Technology equipped with a 100 mW laser using disposable plastic cells for particles with radii 

in the 1 nm to 1000 nm range. Data taken on Nanostar were analyzed with DYNAMICS® Software. Data 

taken on Nanotrac were analyzed with MICROTRAC Software.  

Centrifugation - For PG-polymerization Avanti J-E (Beckman Coulter, Inc, 21000 rpm=50400 g) was used.  

Xylenol Orange Test - Preparation of acetate buffer (pH 5.8) and xylenol orange (XO) solution according to 

Contrast Med. Mol. Imaging 2006, 184. 

Preparation of different concentrations of Gd solutions: use Gd perchlorate 50% in water (� c = 1.1 M) and 

prepare 1/100 dilution (�c = 11 mM); 1/100 dilution of 11 mM solution (�c = 110 µM); 1/10 dilution of 

110 µM solution (�c = 11 µM). 

[Gd] (µM) Gd solution (µL) H2O(µL) 

50 46 (110 µM) 54 

25 23(110 µM) 77 

11 100 (11 µM) 0 

5 46(11 µM) 54 

2.5 23(11 µM) 77 

0 0 100 

 

- UV/Vis Spectroscopy 

To 1 mL of the XO solution, add 100 µL of the different concentration solutions of Gd. 

Shake and run UV/Vis spectra. 
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- Calibration curve 

Ratio A(573 nm)/A(433 nm) 

 

 

6.2 Methods 

  6.2.1 Chemical synthesis 

 

COMPOUND 1 - C1 

H2N
O

O

H
N O

O  
To a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (9.85 ml, 67.48 mmol) in CH2Cl2 (50 ml) in an ice bath, a 

solution of Boc2O (2.9 g, 13.47 mmol) in CH2Cl2 (30 ml) was added dropwise over a period of 3 hours. The 

reaction mixture was stirred overnight at room temperature. The solvent was removed under reduced 

pressure and after dissolving the residue in H2O (200 ml) the precipitate formed was filtered on celite. The 

filtrate was extracted with CH2Cl2 (100 ml x 3) and dried over Na2SO4. Evaporation of the solvent afforded 

C1 as a colorless oil (2.4 g, 9.56 mmol, 71%).1H NMR spectroscopy showed a satisfactory purity; therefore 

the crude was used without purification. 1H-NMR (300 MHz,CDCl3): δ 5.13 (bs, 1H), 3.60 (t, 7.3 Hz, 4H), 3.53 

(t, 5.1 Hz, 4H), 3.30 (bt, 2H), 2.89 (t, 5.1 Hz, 2H), 2.2 (s, 2H), 1.42 (s, 9H). 13C-NMR (75MHz, CDCl3): δ 155.9, 

78.8, 73.1, 70.0, 41.5, 40.2, 28.3. ESI-MS: Found 249.1 [M+H]+. 

All structural assignments were in agreement with the data available from the literature.13 

 

COMPOUND 2 - C2 

H
N O

O

HO

 
To a solution of 4-amino-1-butanol (4 g, 44.87 mmol) in CH2Cl2 (44 ml), a solution of Boc2O (10.8 g, 49.48 

mmol) in CH2Cl2 (44 ml) was added dropwise over a period of 3 h. The reaction mixture was stirred 3 h at 
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room temperature and monitored by TLC. The solvent was removed under reduced pressure and after 

dissolving the residue in H2O the precipitate formed was filtered on celite. 

The filtrate was extracted with CH2Cl2 (100 ml x 3) and the organic phase was dried over Na2SO4. 

Evaporation of the solvent afforded C2 as a colorless oil (8.2 g, 43.54 mmol, 97%). 
1H-NMR (400 MHz, CDCl3): δ 4.66 (bs, 1H), 3.67-3.63 (m, 2H), 3.14-3.13 (m, 2H), 1.86 (bs, 1H), 1.58-1.55 (m, 

4H), 1.43 (s, 9H). 13C-NMR (100 MHz, CDCl3): δ 156.2, 79.1, 62.4, 40.3, 29.7, 28.4, 26.6. ESI-MS: Found 189.7 

[M]+. 

 

COMPOUND 3 -C3 

H
N O

O

O
S

O

O
 

To a solution of C2 (1 g, 5.29 mmol) in CH2Cl2 (53 ml) at 0°C were added triethylamine (0.81 ml, 5.82 mmol) 

and methanesulfonylchloride (0.45 ml, 5.82 mmol). The reaction mixture was stirred at room temperature 

for 1h. The reaction was monitored by TLC. Water was added to the solution and the aqueous phase was 

extracted 3 times with CH2Cl2. A yellow oil was obtained after evaporation and was immediately utilized. 

 

COMPOUND 4 - C4 

H
N O

O

I

 
To a solution of C3 (1.4 g, 5.29 mmol) in acetone (53 ml) was added sodium iodide (1.2 g, 8.00 mmol). The 

reaction was stirred for 17 h at 50° C and monitored by TLC. The solvent was removed under reduced 

pressure after dissolving the residue in H2O the product was extracted with CH2Cl2 (x3), and washed with 

Na2S2O3 solution (x3), brine (x3) and dried over Na2SO4. The solution was evaporated in vacuo. The residue 

was purified by chromatography on silica gel using 100% DCM as eluent. A yellow oil was obtained (0.9 g, 

2.91 mmol, 55%). 
1H-NMR (400 MHz, CDCl3): δ 4.52 (bs, 1H), 3.19 (t, 7 Hz, 2H), 3.14 (bt, 2H), 1.86 (qt, 7.2 Hz, 2H), 1.58 (qt, 7.2 

Hz, 2H), 1.44 (s, 9H).13C-NMR (100 MHz, CDCl3): δ 155.9, 78.9, 39.5, 31.1, 30.7, 28.6, 6.2. 

 

COMPOUND 5 - C5 

H
N O

O

HO

O

 
To a solution of aminoesanoic acid (0.96 ml, 7.6 mmol) in 1,4-dioxane (10 ml), a solution of Boc2O (1.8 g, 

8.4 mmol) in 1,4-dioxane (5 ml) was added dropwise over a period of 3 h. The reaction mixture was stirred 

48 h at room temperature and monitored by TLC. The solvent was removed under reduced pressure and 

water was added to the residue. The product was then extracted with AcOEt (x 3) and dried over Na2SO4. 

The evaporation of the solvent afforded C5 as a white solid (1.5 g, 6.4 mmol, 84%). 
1H-NMR (400 MHz, CDCl3): δ 4.55 (bs, 1H), 3.11 (bd, 2H), 2.35 (t, 7.4 Hz, 2H), 1.65 (qt, 7.6 Hz, 2H), 1.53-1.46 

(m, 2H), 1.44 (s, 9H), 1.40-1.35 (m, 2H). 13C-NMR (100 MHz, CDCl3): δ 177.7, 155.9, 78.7, 39.9, 33.6, 29.3, 

28.1, 25.8, 24.2. ESI-MS: Found 132.0 attributed to Boc loss [M-100]+. 

All structural assignments were in agreement with the data available from the literature.15 
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COMPOUND 6 - C6 

 
To a solution of C4 (250 mg, 0.83 mmol) in acetonitrile (8.5 ml) was added triphenylphosphine (219 mg, 

0.83 mmol). The reaction mixture was stirred at 80 °C for 24 h. EtOAc was then added to precipitate C6, the 

reaction mixture was sonicated and the supernatant removed with a Pasteur pipette. The crude was 

purified by chromatography on silica gel using DCM/MeOH (9.5:0.5) as eluent. A yellow oil was obtained 

(40 mg, 0.07 mmol, 9%). 
1H-NMR (400 MHz, CDCl3): δ 7.89-7.75 (m, 15H), 5.1 (bs, 1H), 3.79-3.72 (bt, 2H), 3.2 (q, 6.4 Hz, 2H), 1.94-

1.90 (m, 2H), 1.73-1.67(m, 2H), 1.36 (s, 9H). ESI-MS: Found 433.8 [M-I]+. 

 

COMPOUND 7 - C7 

 
R=H: To a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (1.5 g, 10.1 mmol) in 1,4-dioxane (10 ml) was 

added dropwise a solution of 4,5-dimethoxy-2-nitrobenzyl chloroformate (0.3 g, 1.01 mmol) in 1,4-dioxane 

(15 ml). The reaction mixture was stirred for 72h at room temperature and monitored by TLC. The solvent 

was removed under reduced pressure and water was added to the residue. The product was then extracted 

with DCM (x3) and dried over Na2SO4. The crude was purified by chromatography on silica gel using 

DCM/MeOH (9.5:0.5) as eluent. A yellow powder was obtained (154 mg of pure product, 0.4 mmol, 40%).16 
1H-NMR (400 MHz, CDCl3): δ 7.69 (s, 1H), 7.26 (s, 1H), 5.86 (bs, 1H), 5.49 (s, 2H), 3.98 (s, 3H), 3.94 (s, 3H), 

3.62-3.57 (m, 6H), 355-3.53 (t, 5.3 Hz, 2H), 3.42-3.38 (q, 5.4 Hz, 2H), 2.91-2.88 (t, 5.1 Hz, 2H), 2.39 (bs, 2H). 

ESI-MS: Found 388.2 [M+H]+. 

 

R=Boc: To a solution of C1 (196 mg, 0.79 mmol) in DCM (4 ml) was added dropwise a solution of 4,5-

dimethoxy-2-nitrobenzyl chloroformate (200 mg, 0.72 mmol) in DCM (4 ml). Afterwards N,N-

diisopropylethylamine (0.15 ml, 0.86 mmol) was added. The reaction mixture was stirred for 24h at room 

temperature and monitored by TLC. The solvent was removed under reduced pressure and acid water 

(pH=4) was added to the residue. The product was then extracted with DCM (x3) and dried over Na2SO4. 

The crude was then purified by chromatography on silica gel using AcOEt/cyclohexane (8:2) as eluent. A 

yellow powder was obtained (240 mg, 0.49 mmol, 68%). 
1H-NMR (400 MHz, CDCl3): δ 7.7 (s, 1H), 7.01 (s, 1H), 5.51 (s, 2H), 5.00 (bs, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 

3.61-3.57 (m, 6H), 355-3.53 (t, 5.3 Hz, 2H), 3.44-3.40 (q, 5.6 Hz, 2H), 3.31-3.30 (bt, 2H), 1.65 (bs, 2H), 1.42 

(s, 9H). ESI-MS: Found 511 [M+Na]+. 
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COMPOUND 8 - C8 

 
To a solution of 1-(2-nitrophenyl)ethanol (1 g, 5.98 mmol) in dry acetonitrile (9 ml) was added triethylamine 

(2 ml, 14,7 mmol) and di(N-succimidyl)carbonate (2.1 g, 8.24 mmol) under argon atmosphere. The reaction 

mixture was stirred for 2h at room temperature and monitored by TLC. The solvent was removed under 

reduced pressure. The crude was then purified by chromatography on silica gel using petroleum 

ether/EtOAc (7:3) as eluent. A pure product was obtained (1.5 g, 5.07 mmol, 85%).17 
1H-NMR (400 MHz, CDCl3): δ 8.03-8.01 (bd, 1H), 7.76-7.70 (m, 2H), 7.52-7.48 (m, 1H), 6.42-6.37 (q, 6.5 Hz, 

1H), 2.79 (s, 4H), 1.80-1.78 (d, 6.5 Hz, 3H). 13C-NMR (400 MHz, CDCl3): δ 168.43, 150.75, 147.33, 135.90, 

134.35, 129.29, 127.01, 124.82, 76.02, 25.43, 22.15. 

All structural assignments were in agreement with the data available from the literature.17 

 

COMPOUND 9 - C9 

BocHN
O

O

H
N O

O N
OO  

To a solution of C1 (248 mg, 1 mmol) in DCM (2.5 ml) were added Et3N (0.4 ml, 2.99 mmol) and dropwise a 

solution of C8 (296 mg, 1 mmol) in DCM (2.5 ml). The reaction mixture was stirred for 5h at room 

temperature and monitored by TLC. The solvent was removed under reduced pressure and brine was 

added to the residue. The product was then extracted with DCM (x3) and dried over Na2SO4. The crude was 

then purified by chromatography on silica gel using petroleum ether/EtOAc (1:1) as eluent. The pure 

product was obtained (212 mg, 0.48 mmol, 48%).17 
1H-NMR (400 MHz, CDCl3): δ 7.91-7.89 (bd, 1H), 7.64-7.57 (m, 2H), 7.41-7.37 (m, 1H), 6.25-6.20 (q, 6.6 Hz, 

1H), 5.34 (bs, 1H), 5.04 (bs, 1H), 3.58-3.52 (m, 8H), 3.32-3.29 (bt, 4H), 1.61-1.59 (d, 6.6 Hz, 3H), 1.43 (s, 9H). 
13C-NMR (500 MHz, CDCl3): δ 156.06, 155.41, 147.68, 138.83, 133.55, 128.19, 127.14, 124.40, 79.48, 70.25, 

70.08, 68.60, 40.80, 40.39, 28.46, 22.27. ESI-MS: Found 464.3 [M+Na]+. 

 

PHOTOCLEAVAGE OF C9 - C9-PD 

A solution of C9 (10 mg, 23 µmol) in CHCl3 (2.55 ml, 0.009 M) was exposed to irradiation at 365 nm (100 W, 

15 cm distance, under a black tissue) for about 4-6h. The reaction was followed by TLC and HPLC (20-80 

gradient).  
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HPLC of C1 in red, C9-PD in blue and C9 in black. 

 

COMPOUND 10 - C10 

H2N
O

O

H
N O

O N
OO  

To a solution of 2,2’-(ethylenedioxy)bis(ethylamine) (1.5 g, 10.1 mmol) in DCM (25 ml) was added dropwise 

a solution of C8 (0.3 g, 1.01 mmol) in 1,4-dioxane (25 ml). The reaction mixture was stirred for 7h at room 

temperature and monitored by TLC. The solvent was removed under reduced pressure and water was 

added to the residue. The product was then extracted with DCM (x3) and dried over Na2SO4. The crude was 

then purified by chromatography on silica gel using DCM/MeOH (9.5:0.5) as eluent. A yellow oily liquid was 

obtained (189 mg, 0.55 mmol, 55%).17 
1H-NMR (400 MHz, CDCl3): δ 7.76-7.74 (bd, 1H), 7.52-7.46 (m, 2H), 7.28-7.24 (m, 1H), 6.10-6.06 (q, 6.6 Hz, 

1H), 5.84 (bs, 1H), 3.46-3.37 (m, 8H), 3.20-3.10 (bt, 2H), 2.76-2.73 (bt, 2H), 2.11 (bs, 2H), 1.46-1.45 (d, 6.6 

Hz, 3H). 13C-NMR (500 MHz, CDCl3): δ 155.69, 147.71, 138.79, 133.55, 128.19, 127.24, 124.62, 72.29, 70.28, 

70.16, 70.03, 68.59, 41.35, 40.78, 22.31. 

 

COMPOUND 11 - C11 

O
S

O

O

O
N335  

To a solution of HO-PEG36-N3 (25 mg, 0.0153 mmol) in DCM (306 µl) was added Et3N (9.6 µl, 0.069 eq) and 

dropwise a solution of TsOCl (10 mg, 0.0534 mmol) in DCM (306 µl) at 0°C. The reaction mixture was stirred 

for 72h at room temperature and monitored by HPLC (20-80 gradient). The solvent was removed under 

reduced pressure. The product was purified by HPLC. A white powder was obtained (16 mg, 0.0092 mmol, 

60%). 
1H-NMR (500 MHz, CDCl3): δ 7.78-7.76 (d, 8.2 Hz, 2H), 7.33-7.32 (d, 8.2 Hz, 2H), 4.14-4.12 (t ,4.7 Hz, 2H), 

3.69-3.58 (m, 136 H), 3.57 (s, 4H), 3.38-3.36 (t, 4.9 Hz, 2H), 2.43 (s, 3H). 13C-NMR (500 MHz, CDCl3): δ 

144.92, 132.90, 129.94, 127.98, 70.68, 70.65, 70.55, 70.46, 70.40, 70.28, 70.03, 69.29, 68.68, 50.62, 21.67. 

ESI-MS: Found 1782 [M+H]+. 

All structural assignments were in agreement with the data available from the literature.18  
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COMPOUND 12 - C12 

 

The peptide was synthesized in our laboratory using classical N-(fluorenyl)methoxycarbonyl solid-phase 

chemistry and purified by reversed-phase high performance liquid chromatography.19 

FT-IR (cm-1): 3296, 3067, 2962, 1647, 1543, 1425, 1259, 1197, 1182, 1131, 1088, 1015. ESI-MS: 2171.4 [M]+.  

 

COMPOUND 13 - C13 

H2N

H
N O

O  
To a solution of 1,2-ethylenediamine (2.29 ml, 34 mmol) in CH2Cl2 (25 ml), a solution of Boc2O (1.3 g, 6 

mmol) in CH2Cl2 (25 ml) was added dropwise over a period of 2 h. The reaction mixture was stirred 

overnight at room temperature. 

The solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2 and H2O. The 

product was extracted from H2O three times with CH2Cl2 and the organic phase was dried over Na2SO4. The 

evaporation of the solvent afforded C13 as a colorless oil (0.45 g, 2.81 mmol, 47%). 
1H-NMR (400 MHz, CDCl3): δ 4.93 (bs, 1H), 3.16-3.12 (m, 2H), 2.77 (t, 5.8 Hz, 2H), 1.42 (s, 9H). 13C-NMR (400 

MHz, CDCl3): δ 156.2, 81, 43.4, 41.9, 28.4. 

 

COMPOUND 14 - C14 

BocHN

H
N O

O N
OO  

To a solution of C13 (160 mg, 1 mmol) in DCM (2.5 ml) with Et3N (0.42 ml, 3 mmol) a solution of C8 (292 

mg, 1 mmol) in DCM (2.5 ml) was added dropwise. The reaction mixture was stirred for 1 day at room 

temperature and monitored by TLC. The solvent was removed under reduced pressure and brine was 

added to the residue. The product was then extracted with DCM (x3) and dried over Na2SO4. The crude was 

then purified by chromatography on silica gel using DCM/MeOH (9.85:0.15) as eluent. The pure product 

was obtained (160 mg, 0.45 mmol, 45%).17 
1H-NMR (400 MHz, CDCl3): δ 7.92-7.89 (d, 8.2 Hz, 1H), 7.61-7.60 (m, 2H), 7.42-7.38 (m, 1H), 6.25-6.20 (q, 6.4 

Hz, 1H), 5.27 (bs, 1H), 4.84 (bs, 1H), 3.21 (bs, 4H), 1.61-1.59 (d, 6.5 Hz, 3H), 1.43 (s, 9H). 

 

PHOTOCLEAVAGE OF C14 - C14-PD 

Same procedure of C9-PD with a solution of C14 (10 mg) in CHCl3 (3.2 ml, 0.009 M) irradiated for 4.5 h. The 

reaction was monitored by HPLC (20-80 gradient). 
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  6.2.2 Functionalization of graphene oxide 

 

AMIDATION - GO1 

 
To a suspension of GO (20 mg) in dry DMF (20 ml), sonicated in a water bath for 10 min at 10°C, were 

added C1 (80 mg, 0.32 mmol), HOBt (20 mg, 0.15 mmol) and EDC (30 mg, 0.19 mmol). The reaction mixture 

was stirred for 5 days at room temperature. GO was separated from the solvent through filtration (0.1 µm 

PTFE membrane). The recovered sample was dispersed in DMF, sonicated in a water bath for a few minutes 

and filtered. This workup sequence was repeated twice with DMF, twice with MeOH, and twice with DCM. 

Afterwards GO1 was dialyzed in milliQ water for 4 days. GO1 was obtained as a powder after freeze drying 

of the water suspension.20 

 

Boc-DEPROTECTION - BD 

 

To a solution of Boc protected-f-GO (10 mg) in 1,4-dioxane (5 ml), sonicated in a water bath for 10 min, was 

added a solution of 4M HCl in 1,4-dioxane (5 ml). The reaction mixture was stirred overnight. After filtration 

(0.1 µm PTFE membrane) the precipitate was dispersed in DMF, sonicated in a water bath for few minutes 

and filtered. This workup sequence was repeated twice with DMF, twice with MeOH and twice with DCM. 

The precipitate was dried under vacuum to obtain Boc-deprotected f-GO.  

 

OPENING OF EPOXIDE - GO2 

 
To a suspension of GO (20 mg) in dry DMF (20 ml) sonicated in a water bath for 10 min, C1 (80 mg, 0.32 

mmol) was added. The reaction mixture was stirred for 5 days. GO was separated from the solvent through 

filtration (0.1 µm PTFE membrane). The recovered sample was dispersed in DMF, sonicated in a water bath 

for a few minutes and filtrated. This work-up sequence was repeated twice with DMF, twice with MeOH, 

and twice with DCM. Afterwards, GO2 was dialyzed in milliQ water for 4 days. GO2 was obtained as a 

powder after freeze drying of the water suspension.20 
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CONTROL REACTION OF GO1-GO2 and GO4 - GO2_CONT 

 

A suspension of GO (20 mg) in dry DMF (20 ml) was sonicated in a water bath for 10 min and stirred for 5 

days. GO was separated from the solvent through filtration (0.1 µm PTFE membrane). The recovered 

sample was dispersed in DMF, sonicated in a water bath for a few minutes and filtered. This work-up 

sequence was repeated twice with DMF, twice with MeOH, and twice with DCM. Afterwards GO2_CONT 

was dialyzed in milliQ water for 4 days. GO2_CONT was obtained as a powder after freeze drying of the 

water suspension.20 

 

ESTERIFICATION REACTION ON CARBOXYLIC ACID - GO3 

 
To a suspension of GO (10 mg) in dry DMF (10 ml), sonicated in a water bath for 10 min, were added EDC 

(15 mg, 0.10 mmol), DMAP (20 mg, 0.16 mmol) and C2 (31 mg, 0.16 mmol). The reaction mixture was 

stirred for 2 days at room temperature. GO was separated from the solvent through filtration (0.1 µm PTFE 

membrane). The recovered sample was dispersed in DMF, sonicated in a water bath for a few minutes and 

filtered. This workup sequence was repeated twice with DMF, twice with MeOH, and twice with DCM. 

Afterwards GO3 was dialyzed in milliQ water for 4 days. GO3 was obtained as a powder after freeze drying 

of the water suspension. 

 

OPENING OF EPOXIDE WITH LONG PEG CHAIN - GO4 

 
To a suspension of GO (10 mg) in dry DMF (10 ml), sonicated in a water bath for 10 min, aminopolyethylene 

glycol monomethyl ether was added (40 mg, average MW 1,000). The reaction mixture was stirred for 5 

days at room temperature. GO was separated from the solvent through filtration (0.1 µm PTFE membrane). 

The recovered sample was dispersed in DMF, sonicated in a water bath for a few minutes and filtered. This 

workup sequence was repeated twice with DMF, twice with MeOH, and twice with DCM. Afterwards GO4 

was dialyzed in milliQ water for 4 days. GO4 was obtained as a powder after freeze drying of the water 

suspension.20 
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ADSORPTION CONTROL FOR GO3 - GO5 

 
To a suspension of GO (10 mg) in dry DMF (10 ml), sonicated in a water bath for 10 min, poly(ethylene 

glycol) dimethyl ether was added (40 mg, average MW 1,000). The reaction mixture was stirred for 5 days 

at room temperature. GO was separated from the solvent through filtration (0.1 µm PTFE membrane). The 

recovered sample was dispersed in DMF, sonicated in a water bath for a few minutes and filtered. This 

workup sequence was repeated twice with DMF, twice with MeOH, and twice with DCM. Afterwards GO5 

was dialyzed in milliQ water for 4 days. GO5 was obtained as a powder after freeze drying of the water 

suspension.20 

 

WILLIAMSON REACTION - GO6 

 
To a suspension of GO (20 mg) in dry DMF (20 ml), sonicated for 10 min in a water bath, were added K2CO3 

(400 mg, 2.89 mmol) and C4 (237 mg, 0.79 mmol). The reaction mixture was stirred under argon 

atmosphere for 2 days and then the solvent was separated by filtration (0.1 µm PTFE membrane). The 

recovered sample was dispersed in milliQ H2O, sonicated in a water bath until thorough dispersion of GO 

and filtered. This sequence was repeated twice with milliQ H2O, twice with DMF, twice with MeOH and 

twice with DCM. Afterwards GO6 was dialyzed in milliQ water for 4 days. GO6 was obtained as a powder 

after freeze drying of the water suspension. 

To optimize the reaction conditions this reaction has been performed at different temperatures: 

- GO6-80: at 80°C. 

- GO6-60: at 60°C. 

- GO6-40: at 40°C. 

- GO6-RT: at room temperature. 

-GO6-RT2: at room temperature adding Cs2CO3 (938.36 mg, 2.88 mmol).21 

 

CONTROL REACTION OF GO6 - GO6_CONT1 

This control reaction was performed in the same condition as GO6, without adding C4. 

 

CONTROL REACTION OF GO6 - GO6_CONT2 

This control reaction was performed in the same condition as GO6, without adding the base. 
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ESTERIFICATION REACTION ON HYDROXYL GROUP - GO7 

 
To a suspension of GO (10 mg) in dry DMF (10 ml), sonicated in a water bath for 10 min, were added C5 (37 

mg, 0.16 mmol), EDC (15 mg, 0.1 mmol) and DMAP (6 mg, 0.05 mmol). The reaction mixture was stirred for 

2 days at room temperature. GO was separated from the solvent through filtration (0.1 µm PTFE 

membrane). The recovered sample was dispersed in DMF, sonicated in a water bath for a few minutes and 

filtered. This workup sequence was repeated twice with DMF, twice with MeOH, and twice with DCM. 

Afterwards GO7 was dialyzed in milliQ water for 4 days. GO7 was obtained as a powder after freeze drying 

of the water suspension. 

 

CONTROL REACTION OF GO7- GO7_CONT 

This control reaction has been performed in the same condition as GO7, without adding the coupling 

agents (EDC and DMAP). 

 

WITTIG REACTION - GO8 

 

KHMDS 0.7 M in THF (50 μl, 0.032 mmol) was added to a solution of C6 (20 mg, 0.036 mmol) in dry THF (2.5 

ml) under argon atmosphere at 0° C and stirred for 30 min at RT. After a 10 min sonication process in a 

water bath a suspension of GO (10 mg) in dry THF (2.5 ml) under argon was added to the solution of C6 and 

KHMDS at 0° C. The reaction mixture was sonicated for 10 min in a water bath at 0° C and then stirred in an 

ice bath letting it slowly return to RT. The reaction was stirred for 24 h. The reaction was diluted with 6 ml 

of a milliQ H2O/MeOH mixture (1:5). The solvent was separated through filtration (0.1 µm PTFE 

membrane). The recovered sample was dispersed in DMF, sonicated in a water bath until thorough 

dispersion of GO and filtrated. This sequence was repeated twice with DMF, twice with MeOH and once 

with DCM. Afterwards GO8 was dialyzed in milliQ water for 4 days. GO8 was obtained as a powder after 

freeze drying of the water suspension. 

 

CONTROL REACTION OF GO8 - GO8_CONT 

This control reaction has been performed in the same condition as GO8, without adding C6. 
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OPENING OF EPOXIDE WITH NH2-PEG4-DOTA - GO9 

 
To an aqueous suspension of GO (9 mg; 1 mg/ml) NH2-PEG4-DOTA (9 mg, 0.0129 mmol) was added. The 

reaction mixture was stirred for 2 days. GO9 was directly dialyzed in milliQ water for 4 days. GO9 was 

stored in water without further treatment. 

 

OPENING OF EPOXIDE WITH C10 - GO10 

 
To a suspension of GO (10 mg) in dry DMF (10 ml) sonicated in a water bath for 5 min, C10 (54.7 mg, 0.16 

mmol) was added. The reaction mixture was stirred for 4 days protected from light. GO was separated from 

the solvent through filtration (0.1 µm PTFE membrane). The recovered sample was dispersed in DMF, 

sonicated in a water bath for a few minutes and filtered. This work-up sequence was repeated twice with 

DMF, twice with MeOH, and twice with DCM. Afterwards GO10 was dialyzed in milliQ water for 4 days. 

GO10 was obtained as a powder after freeze drying of the water suspension. (Control reaction is 

GO2_CONT) 

 

PHOTOCLEAVAGE OF GO10 - GO11 

A suspension of GO (2 mg) in CHCl3 (2 ml) sonicated in a water bath for 5 min, was exposed to UV 

irradiation (UV lamp, 100 W, hν 365 nm, 15 cm of distance from lamp) for 6h. The reaction was monitored 

by HPLC (analysis of the supernatant, 20-80 gradient). GO was separated from the solvent through filtration 

(0.1 µm PTFE membrane). The recovered sample was dispersed in DMF, sonicated in a water bath for a few 

minutes and filtered. This work-up sequence was repeated twice with DMF, twice with MeOH, and twice 

with DCM. Afterwards GO11 was dialyzed in milliQ water for 4 days. GO11 was obtained as a powder after 

freeze drying of the water suspension.  
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PHOTOCLEAVAGE ADSORPTION CONTROL- GO11_CONT 

To C14-PD solution after irradiation, was added GO (2 mg). The control mixture was stirred for 1h. Then the 

supernatant was recovered by centrifugation (3500 rpm, 14°C) and analyzed through HPLC (20-80 

gradient).  

 
HPLC of C14 in red, C14-PD in blue and GO11-CONT in black. 

 

OPENING OF EPOXIDE FOR DOUBLE FUNCTIONALIZATION - GO12 

Followed the same procedure as for GO2. 

 

CONTROL REACTION FOR GO12 - GO12_CONT 

Performed in the same conditions used for GO2_CONT. 

 

WILLIAMSON REACTION ON GO12 - GO13 

 

O

O

O

O

O

O

OH

OH

OH

OH

OH

HO

OH

OH

OH

OH

OH

O

OH

HO
HO

O

HO O

HO

NH

NHBoc

O
O

BocHN NHBoc

O

 
 

To a suspension of GO12 (4 mg) in dry DMF (4 ml), sonicated for 5 min in a water bath, were added K2CO3 

(80 mg, 0.578 mmol) and C4 (48 mg, 0.16 mmol). The reaction mixture was stirred under argon atmosphere 

for 2 days and then the solvent was separated by filtration (0.1 µm PTFE membrane). The recovered sample 

was dispersed in milliQ H2O, sonicated in a water bath until thorough dispersion of GO and filtered. This 

sequence was repeated twice with milliQ H2O, twice with DMF, twice with MeOH and twice with DCM. 

Afterwards GO13 was dialyzed in milliQ water for 4 days. GO13 was obtained as a powder after freeze 

drying of the water suspension. 

 

CONTROL FOR GO13 - GO13_CONT 

Performed in the same conditions than GO13 using GO12_CONT as starting material and without adding 

C4. 
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OPENING OF EPOXIDE WITH HEAVY DIAMINO-CHAIN - GO14 

 
To a suspension of GO (30 mg) in dry DMF (30 ml) sonicated in a water bath for 5 min, NH2-PEG23-NHBoc 

(15.8 mg, 0.0135 mmol) was added. The reaction mixture was stirred for 4 days. GO was separated from 

the solvent through filtration (0.1 µm PTFE membrane). The recovered sample was dispersed in DMF, 

sonicated in a water bath for a few minutes and filtered. This work-up sequence was repeated twice with 

DMF, twice with MeOH, and twice with DCM. Afterwards GO14 was dialyzed in milliQ water for 4 days. 

GO14 was obtained as a powder after freeze drying of the water suspension. (Control reaction is 

GO2_CONT) 

 

WILLIAMSON REACTION WITH TsO-PEG36-N3 - GO15 

 
To a suspension of GO (7 mg) in dry DMF (7 ml), sonicated for 5 min in a water bath, were added K2CO3 

(140 mg, 1.01 mmol) and C11 (5.6 mg, 0.00314 mmol). The reaction mixture was stirred under argon 

atmosphere for 2 days and then the solvent was separated by filtration (0.1 µm PTFE membrane). The 

recovered sample was dispersed in milliQ H2O, sonicated in a water bath until thorough dispersion of GO 

and filtered. This sequence was repeated twice with milliQ H2O, twice with DMF, twice with MeOH and 

twice with DCM. Afterwards GO15 was dialyzed in milliQ water for 4 days. GO15 was obtained as a powder 

after freeze drying of the water suspension. (Control reaction is GO6_CONT1) 
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ONE POT DOUBLE FUNCTIONALIZATION - GO16 

 
To a suspension of GO (20 mg) in dry DMF (20 ml), sonicated for 5 min in a water bath, was added C10 (109 

mg, 0.32 mmol). The reaction mixture was stirred under argon atmosphere and protected from light for 

24h. To the reaction mixture K2CO3 (400 mg, 2.89 mmol) and a solution of C4 (290 mg, 0.97) in dry DMF (2 

ml) were added. The reaction mixture was stirred under argon atmosphere and protected from light for 

other 2 days. Then the solvent was separated by filtration (0.1 µm PTFE membrane). The recovered sample 

was dispersed in milliQ H2O, sonicated in a water bath until thorough dispersion of GO and centrifuged. 

This sequence was repeated twice with milliQ H2O, twice with DMF, twice with MeOH and twice with DCM. 

Afterwards GO16 was dialyzed in milliQ water for 4 days. GO16 was obtained as a powder after freeze 

drying of the water suspension. 

 

CONTROL FOR GO16 - GO16_CONT 

Performed in the same conditions than GO16 without adding C10 and C4. 

 

PHOTOCLEAVAGE OF GO16 - GO16_PD 

Performed in the same conditions as GO11. 

 

WILLIAMSON REACTION FOR DOUBLE FUNCTIONALIZATION - GO17 

Followed the same procedure as for GO6. 

 

CONTROL REACTION FOR GO17 - GO17_CONT 

Performed in the same conditions used for GO6_CONT1. 
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OPENING OF EPOXIDE ON GO17 - GO18 

 
To a suspension of GO17 (10 mg) in dry DMF (10 ml) sonicated in a water bath for 5 min, C1 (40 mg, 0.16 

mmol) was added. The reaction mixture was stirred for 2 days. GO was separated from the solvent through 

filtration (0.1 µm PTFE membrane). The recovered sample was dispersed in DMF, sonicated in a water bath 

for a few minutes and filtered. This work-up sequence was repeated twice with DMF, twice with MeOH, 

and twice with DCM. Afterwards GO18 was dialyzed in milliQ water for 4 days. GO18 was obtained as a 

powder after freeze drying of the water suspension.  

 

CONTROL FOR GO18 - GO18_CONT 

Performed in the same conditions than GO18 using GO17_CONT as starting material and without adding 

C1. 

 

OPENING OF EPOXIDE FOR DOUBLE FUNCTIONALIZATION - GO19 

Followed the same procedure as for GO2. 

 

CONTROL REACTION FOR GO19 - GO19_CONT 

Performed in the same conditions used for GO2_CONT. 

 

ESTERIFICATION REACTION ON GO19 - GO20 

 
To a suspension of GO19 (10 mg) in dry DMF (10 ml), sonicated in a water bath for 5 min, were added C5 

(37.2 mg, 0.16 mmol), EDC (15 mg, 0.1 mmol) and DMAP (6 mg, 0.05 mmol). The reaction mixture was 

stirred for 2 days at room temperature. GO was separated from the solvent through filtration (0.1 µm PTFE 

membrane). The recovered sample was dispersed in DMF, sonicated in a water bath for a few minutes and 

filtered. This workup sequence was repeated twice with DMF, twice with MeOH, and twice with DCM. 

Afterwards GO20 was dialyzed in milliQ water for 4 days. GO20 was obtained as a powder after freeze 

drying of the water suspension. 
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CONTROL FOR GO20 - GO20_CONT 

Performed in the same conditions than GO20 using GO19_CONT as starting material and without adding 

the coupling agents. 

 

GLYCIDOL POLYMERIZATION ON GO - GO21 

 
To GO (10 mg) glycidol (20 ml) was added. The mixture was sonicated in a water bath for 5 min, and stirred 

for 2 days. GO was separated from the solvent through centrifugation (GO-NI: 21000 rpm, 10min, 15°C; GO-

Jp: 110000 rpm, 30 min, 4°C). The recovered sample was dispersed in milliQ water, sonicated in a water 

bath until re-dispersion and centrifuged. This workup sequence was repeated five times. Afterwards GO21 

was dialyzed in milliQ water for 4 days. GO21 was kept in solution and obtained as a powder after freeze 

drying only for characterization. 

To optimize the reaction conditions the reaction has been performed: 

- GO21-a: at 140°C. 

- GO21-b: at 80°C. 

- GO21-c: at room temperature. 

- GO21-d: at room temperature adding NaOH (287 mg, 7.2 mmol) in 0.5 ml of milliQ H2O.22  

  (Care has to be taken because of an explosion risk by adding a base) 

- GO21-e: at room temperature adding Et3N (220 mg, 2.2 mmol) in 0.2 ml of milliQ H2O. 22,23 

  (Care has to be taken because of an explosion risk by adding a base) 

- GO21-f: at room temperature adding Et3N (728 mg, 7.2 mmol) in 1 ml of milliQ H2O.22,23   

  (Care has to be taken because of an explosion risk by adding a base) 

Control reactions (Name_CONT) were done in the same conditions only with glycerol (20 ml) in place of 

glycidol. 
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TOSYLATION OF GO21 - GO22 

 
GO21-b (30 mg) water suspension was exchanged to pyridine through centrifugation (GO-NI: 21000 rpm, 

10min, 15°C; GO-J: 110000 rpm, 30 min, 4°C) three times. To GO21-b in pyridine a solution of TsCl (45 mg, 

0.24 mmol) in pyridine (0.5 ml) was added dropwise at 0°C. The mixture was stirred for 12h. GO was 

separated from the solvent through centrifugation (GO-NI: 21000 rpm, 10min, 15°C; GO-Jp: 110000 rpm, 30 

min, 4°C). The recovered sample was dispersed in DMF, sonicated in a water bath until re-dispersion and 

centrifuged. This workup sequence was repeated five times. Afterwards GO22 was kept in solution and 

obtained as a powder after freeze drying only for characterization.24,25 

 

CONTROL FOR GO22 - GO22_CONT 

Performed in the same conditions than GO22 using GO21-b_CONT as starting material and without adding 

TsOCl. 

 

AZIDATION OF GO22 - GO23 

 
To GO22 (20 mg) in DMF a solution of NaN3 (40 mg, 0.61 mmol) in milliQ H2O (0.5 ml) was added dropwise 

at room temperature. The mixture was stirred for 24h at 80°C. GO was separated from the solvent through 

centrifugation (GO-NI: 21000 rpm, 10min, 15°C; GO-Jp: 110000 rpm, 30 min, 4°C). The recovered sample 

was dispersed in DMF/milliQ H2O (5:1), sonicated in a water bath until re-dispersion and centrifuged. This 

workup sequence was repeated five times. Afterwards GO23 was kept in solution and obtained as a 

powder after freeze drying only for characterization.24,25 

 

CONTROL FOR GO23 - GO23_CONT 

Performed in the same conditions than GO23 using GO22_CONT as starting material and without adding 

NaN3. 
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CLICK REACTION ON GO23 - GO24 

 
To GO23 (2.4 mg) in milliQ H2O (0.15 ml) under argon a solution of C12 (3.1 mg, 1.44 µmol) in milliQ H2O-

tBuOH (2:1, 2.4 ml) was added. Afterwards CuSO4 (92 µg, 0.576 µmol) and sodium ascorbate (0.1 mg, 0.57 

µmol) were added. The reaction mixture was stirred for 24h at room temperature. The reaction was 

monitored through HPLC (analysis of the surnatant, 1-31 gradient). To GO24, milliQ water was added and 

the sample was dialyzed in milliQ water for 4 days. GO24 was kept in solution and obtained as a powder 

after freeze drying only for characterization. 

 

CONTROL REACTION OF GO20 - GO20_CONT 

Performed in the same conditions of GO24 on GO23 as starting material, without adding sodium ascorbate 

and CuSO4. 
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