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Test results for the applicability of existing thermo-gravimetric analysis (TGA) technique to ascertain
average number of exohedral chemical attachment in a new class of fullerene dyads consisting of multi-
ple hemi-ortho esters onto fullerenol is presented. Although the method is nicely applicable for higher
fullerenol, but homogeneous phase products calculate lower number of addends, whereas, the hetero
phase products indicate higher value. Lower value is attributed to either overlapping of thermal events
or substituents effects and higher value is the contribution of tetra butyl ammonium hydroxide (TBAH)
ullerene derivatives
GA
ullerenol
age multiple functionalization

impurity used as phase transfer catalyst (PTC) in heterogeneous phase reactions. Presence of TBAH impu-
rity is recognized through thermo-gravimetry mass spectrometry (TG-MS) measurement. Appropriate
modification of test method to arrive at accurate and precise values of x (total mass contribution due to
addends only) and y (total mass contribution due to fullerene plus char yield) are also reported. Success-
ful use of two more different techniques, viz., electron-spray ionization mass spectrometry (ESI-MS) and
X-ray photoelectron spectroscopy (XPS), supplement above results. Influences of fullerene and different

ehav
substituents on thermal b

. Introduction

Exploitation of peculiar electronic properties of fullerenes for
olar energy conversion has become a field of intensive investiga-
ion [1–6]. Extensive research is going on to develop methodology
or covalent exohedral functionalization of fullerene attaching dif-
erent types of addends [7–10]. Rapid advancement in fullerene
hemistry revealed the covalent functionalization of fullerene with
arious donors and many fullerene based donor–acceptor dyads
ave been synthesized [11]. This molecular approach for solar
nergy conversion appeared to be particularly interesting, since
he bi-continuous network obtained by chemically linking of hole-
onducting donor moiety to the electron-conducting fullerene
ubunit prevents any problem arising from bad contacts at the junc-
ion due to phase separation, as observed for polymer/fullerene
lends [12]. C60 is a potential electron acceptor due to its low reduc-
ion potential [13], three-dimensional structure [14] and small

eorganization energy [15] and has the ability to retain its redox
s well as photophysical properties after derivatization. Several
ypes of donor molecules, mostly as mono or bis adduct have been
mployed so far to the C60-dyad component [11]. Multi-functional
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fullerene derivatives have attracted very low attention in spite of
having several interesting properties [16–20]. Multiple function-
alizations may offer new opportunities in the search for fullerene
materials that are amenable to potential technological applications.
As an extreme in C60 cage multiple functionalizations, comparative
fluorescence study of exohedrally attached 28-vinyl ester groups
(hemi-ortho ester) on C60(OH)28-fullerenol is reported earlier [21].

Beside solar energy conservation and storage, fullerenols find
interesting applications in many other fields, viz., fuel cells [22,23],
macromolecular materials [24,25] and biomedical and life sci-
ences as photosensitizers for photodynamic therapy (PDT) and
free-radical scavengers for anti-oxidant drugs [26–30]. Studies on
the biological properties of fullerenols demonstrate that they are
efficient free radical (superoxide radical O2

−) scavenger and able
to reduce the concentration of free radicals in pathological blood
and also inhibit the growth of abnormal and ailing cells [31,32].
Gadolinium fullerenols are reported to be the best candidate for
new generation novel magnetic resonance imaging (MRI) contrast
agent [33–37]. Fullerenols also have potential applications in aque-
ous solution chemistry, electrochemistry [38] and biochemistry

[39].

Fullerenol has attracted extensive attention due to high solubil-
ity, stability and reactivity. Depending on the number of hydroxyl
groups, solubility of fullerenol ranges from organic to water [40,41].
Reactivity of fullerenol arises due to strong electrophilic charac-
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er of fullerene and in alkaline solution fullerenol easily releases
roton(s) to generate fulleroxide nucleophile. These nucleophiles
ndergo several interesting reaction pathways: (1) selective nucle-
philic addition reaction to the carbonyl group [21,42]; (2) Michael
ddition reaction with �,�-unsaturated esters [43,44]; (3) reac-
ion with isocyanates to form polyurethane [45]; (4) nucleophilic
isplacement as well as trans-esterification reaction with silicon
erivatives [46], etc.

Excellent selectivity of fullerenol towards nucleophilic addi-
ion reaction onto carbonyl groups of different vinyl esters (1–3)
s uniquely manipulated to achieve double bond terminated vinyl
emi-ortho ester derivatives of fullerenol dyads. In the present case
60(OH)28 has been used as fullerene source and very soft-chemical
ondition (room temperature reaction, 25 ◦C) is adapted to develop
hese materials. Reactions have been carried out in homogeneous
nd heterogeneous phase using methanol as co-solvent and tetra
utyl ammonium hydroxide (TBAH) as phase transfer catalyst,
espectively (Scheme 1). Products are characterized by different
echniques and TG-MS measurement is employed to evaluate the
resence of small TBAH impurity (used as PTC in heterogeneous
hase reactions).

Present article highlights the capability of simple thermo-
ravimetric analysis (TGA) technique to ascertain exohedral
hemical attachment of multiple hemi-ortho esters onto fullerenol
nd calculation of their average number in this new class of dyads.
hile applying the existing methodology [47] in the present sys-

em, it is observed that although the method is nicely applicable for
igher fullerenol but homogeneous phase products calculate lower
umber of addends whereas the hetero phase products indicate
igher value. Critical analysis of the results suggest that selection
f temperature zone needs to be modified in order to avoid over-
apping of thermal events and/or extended thermal events due to
tability of the addends in case of homogeneous phase products.
hus, in each case, temperature zone is varied depending on the
tability of the addends to get accurate value of x (the total mass
ontribution due to addends) and y (the total mass contribution
ue to fullerene plus char yield). The article illustrates how accurate
alues of x and y will allow to calculate exact number of addends
n fullerene adducts. Significant influence of fullerene and sub-
tituent(s) on the thermal characteristics of dyads is elaborated. It is
uite unique to get stable hemi-ortho esters in fullerene derivatives
nd stability is explained on the basis of limited conformational
obility which prevents the subsequent hydrolysis.

. Results and discussion

.1. Synthesis

.1.1. Fullerenol
Fullerenol isomer [C60(OH)28] used in the present investigation,

s synthesized by reported method [40]. It is observed that the same
ombination of reagents can produce different fullerenol isomers
n suitably modified reaction condition [41].

.1.2. Hemi-ortho ester derivatives (VEn)28–C60
Scheme 1 describes the synthesis of acyclic hemi ortho-ester

ddended fullerenol derivatives. In a typical synthesis, conc. NaOH
olution is added to an aqueous solution of fullerenol and stirred
or 30 min to generate fulleroxide anions. Dilute methanolic solu-
ion of vinyl ester (1–3, 10 eq. per hydroxyl group) is then added

ery slowly to the ice-cooled alkaline fullerenol solution under
nert atmosphere over an hour with constant stirring. Temper-
ture is slowly raised to room temperature (25 ◦C) and stirring
s continued for 24 h. Progress of the reaction is monitored by
hin layer chromatography (TLC). Crude products (VEn)28–C60
ica Acta 513 (2011) 60–67 61

(n = 1a–3a) precipitate is extracted with dichloromethane and
finally purified by column chromatography [mixed solvents;
toluene:dichloromethane = 80:20]. In a similar manner, hetero-
geneous phase reaction [(VE2b)28–C60] is carried out by direct
addition of vinyl ester (vinyl acetate) to the alkaline aqueous
solution of fullerenol at room temperature in presence of tetra-
butyl ammonium hydroxide (TBAH) as phase transfer catalyst.
Above mentioned work-up procedure is also followed in this case.
In comparison to heterogeneous phase reaction, homogeneous
phase reaction proceeds smoothly with good reproducible result in
terms of yield and product purity. Attachment of multiple aliphatic
addends considerably improves the solubility and processability
of fullerene. These brick-red free standing solid powdered hemi-
ortho esters (VEn)28–C60 (n = 1a–3a and 2b) are highly soluble in
all common organic solvents and have excellent coating property.

2.2. Stability of hemi-ortho ester

“Tetrahedral” or addition–elimination mechanism (generally a
second-order mechanism) most often proceeds by initial nucle-
ophilic attack on triagonal carbonyl carbon giving a tetrahedral
intermediate containing both nucleophile and leaving group. Hemi-
ortho ester derivatives can be viewed as a tetrahedral intermediate
formed by selective nucleophilic addition of fullerenol to the car-
bonyl carbon of vinyl ester. Stereo-electronic control affecting the
elimination step in tetrahedral intermediate depends on the con-
formational mobility of the intermediate, more specifically, the
position of the lone pairs, which should be anti-periplanar to the
leaving group (anti-periplanar lone pair hypothesis). In some cases,
tetrahedral intermediates have been isolated [48,49] or detected
spectroscopically due to conformational immobility of the inter-
mediate [50–53]. These ortho-esters are extremely resistant to
hydrolysis by base but easily hydrolyzed by dilute acids due to
the formation of carbocations of type (RO)3–C+ that are greatly
stabilized by resonance.

Fullerenol, which generate (Fol)n− anion under basic condition,
undergo selective nucleophilic addition reaction to the carbonyl
carbon of the vinyl esters to form hemi-ortho ester via tetra-
hedral mechanism. The stability of the hemi-ortho ester under
basic condition (as discussed earlier) arises due to strong hydro-
gen bonding among hemiketal –OH groups and also with residual
OH groups of unreacted fullerenol. Hydrogen bonding limits the
conformational mobility to prevent the second step in tetrahe-
dral mechanism or hydrolysis to occur. It is believed that strong
electronic interactions due to close proximity, geometrical orien-
tation and stereo-electronic interaction of the flexible ether linked
vinylic double bonds also contribute to stabilize the hemi ortho-
ester structure.

2.3. Estimation of number of addends per fullerene

Number of hydroxyl groups in water soluble fullerenol and
hemi-ortho ester units in dyads is estimated by electro-spray
ionization mass spectrometry (ESI-MS), X-ray photoelectron spec-
troscopy (XPS) and thermo gravimetrical analysis (TGA).

2.3.1. Electro-spray ionization mass spectrometry (ESI-MS)
2.3.1.1. C60(OH)28. ESI-MS recorded in water shows molecular ion
peak at m/z 1196 (M+) corresponding to 28-hydroxyl groups
(supporting information).
2.3.1.2. (VEn)28–C60. Mass spectrum of (VE1a)28–C60 recorded in
methanol shows molecular ion peak at m/z 3980 corresponds to
the attachment of 28 units onto single fullerene core (Fig. 1). Most
abundant and stable ion at m/z 3880 (corresponding to 27 units)



62 R. Singh, T. Goswami / Thermochimica Acta 513 (2011) 60–67

Scheme 1. Schematic representation for the formation of double bond terminated fulle
with vinyl esters (1–3) in homogeneous and heterogeneous conditions. 28-vinyl ester gro
Fig. 1. ESI-MS spectrum of (VE1a)28–C60 recorded in methanol.
rene core star-like hemi-ortho esters (1a–3a and 2b) by the reaction of fullerenol
ups are attched per fullerene. For clarity reason only three groups are shown.

is assigned as base peak. Assignment of other significant peaks is
presented in Section 4.

2.3.2. X-ray photoelectron spectroscopy (XPS)
2.3.2.1. C60(OH)28. Electron spectroscopy for chemical analysis
(ESCA) is obtained by X-ray photoelectron spectrometer equipped
with a monochromatic X-ray source. ESCA analysis is performed
at a nominal photoelectron take off angle of 45◦ and the depth
of analysis for these samples is 100 Å. Relative atomic% of each
element at the surface is estimated from the peak areas using
atomic sensitivity factors specified for the spectrometer. Number
of hydroxyl groups is also calculated by XPS. XPS of fullerenol (C 1s
binding energies spreading over 5.3 eV) clearly deviates from the
C 1s peak of fullerene (Fig. 2A). Large shift indicates a relatively
higher percentage of higher oxidation state carbon in fullerenol
compared to fullerene [54]. Large shift of C 1s binding energy and
also higher than the normal C 1s binding energy of hydrocarbons
(285.5 than 285 eV) reveals the functionalization of the fullerene
ball. Curve-fitting analysis of fullerenol samples show two more
different oxidation states of carbons allowing the assignment of

three different oxidation states of carbon; sp2 non-functionalized
carbons assigned at 285.5 eV, mono-functionalized (C–OH) car-
bons centered at 286.8 eV and dioxygenated [carbonyl (C O)/ketal
(RO–C–OR)/hemi-ketal (RO–C–OH)] carbons at 288.9 eV. Since
no carbonyl absorption peak is observed in the IR spectrum of
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Fig. 2. XPS of (A) C60(OH)28

Table 1
Calculation of the number of addends by XPS: (A) hydroxyl groups in C60(OH)28 and
(B) hemi-ortho ester units in (VE2a)28–C60.

Peak Area Center % Area No./type of Carbon

(A)

1 1491.41 285.54 45.9 27.58/sp2

2 1556.87 286.87 47.9 28.8/C–OH
3 197.214 288.95 6.07 3.6/dioxygenated

(B)
4 4218 278.8 15.75 27.09/CH3

5 4726 286.3 17.65 30.36/C–O–
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the present case) to get the contribution due to organic units. Thus,
about 68, 70 and 51% weight loss between temperature ranges of
6 13120 287.6 49.02 84.33/sp2

7 4700 289.5 17.56 30.2/dioxygenated

ullerenol, the highest oxidation state is attributed to hemi-ketal
arbon. Percentage area covered under each oxidation state is in
he ratio of 46:48:6 and accordingly the number of different oxi-
ation states of carbon exist in the ratio of 46:48:6 (Table 1A). As
ullerene contains sixty carbons in its pristine structure, calculation
rom the above ratio estimate an average of 28 mono-oxygenated
arbons (28 hydroxyl groups) per fullerene.

.3.2.2. (VEn)28–C60. Number of addends in the product is also cal-
ulated by XPS. Curve fitting analysis of (VE2a)28–C60 (Fig. 2B)
hows four peaks representing four different oxidation states of
arbon in product compared to three in fullerenol. Lowest energy
xidation state carbon peak at 278.8 eV is assigned to methyl
roups present in vinyl acetate chain. Mono-functional carbons
C–OH) and sp2 hybridized carbons are centered at 286.3 and
87.6 eV, respectively. Tri-oxigenated hemi-ortho ester carbon
eak is observed at 289.5 eV. Calculation of number of carbon atoms
er peak (Table 1B) gives quantitative prediction for the attachment
f 28 addends. Increase in tri-oxygenated carbons number com-
ared to fullerenol support hemi-ortho ester structure. Many folds

ncreased in number of sp2-hybridized carbons are due to attach
inylic groups and experimental value agrees for the presence of
8 vinylic bonds (56 sp2-vinylic carbons + 28 in fullerenol = 84).

wenty-seven methyl groups are calculated from XPS data. XPS
alculation thus establishes hemi-ortho ester structure having 28-
inyl units exohedrally attached per fullerene ball.
and (B) (VE2a)28–C60.

2.3.3. Thermo gravimetrical analysis (TGA)
Versatility of early reported thermal analysis technique is

extrapolated to calculate the number of hydroxyl (addends) groups
attached on fullerene moiety in present cases [47]. Assuming
percentage weight loss in temperature range of 150–570 ◦C cor-
responds to the removal of all addends per fullerene = x and
percentage weight loss above 570 ◦C corresponds to the structural
degradation of fullerene plus char yield is due to fullerene only = y.

Then number of groups attached per fullerene is given by
720

y
× x

M
(1)

where M is the weight of each group attached, e.g., M = 17 for
–OH group. Calculating x and y from TGA thermogram, one can
easily calculate the number of groups attached per fullerene from
Eq. (1). Now, if M is the molecular mass of the addend reacted
with fullerenol, and then M/17 is the hydroxyl group equivalent
per added group. For example, M = 89 for vinyl ethanoate (1a), then
89/17 = 5 hydroxyl groups are equivalent to one vinyl ethanoate.

2.3.3.1. C60(OH)28. Following TGA and first derivative TGA trace
of fullerenol, percentage weight loss between temperature range
150–570 ◦C is found to be 35% and the structural degradation of
fullerene plus char yield contributes 52%. Then, the number of –OH
groups attached per fullerene is calculated using Eq. (1) will be:

720
52

× 35
17

= 28.5

This nicely matches with other results.

2.3.3.2. (VEn)28–C60. Percentage weight loss obtained from TGA
trace of the product between temperature range of 150–570 ◦C is
used to calculate the number of substituents attached per fullerene
in case of hemi-ortho esters. Calculating total percentage weight
loss of the products in terms of addends units between temperature
ranges of 150 and 570 ◦C using Eq. (1) gives directly the contri-
bution due to organic units. Alternatively, one can calculate total
percentage weight loss of the products in terms of hydroxyl units
between temperature range of 150–570 ◦C using Eq. (1) and then
subtract the actual hydroxyl units of un-reacted fullerenol (i.e. 28 in
150–570 ◦C is observed from thermograms of 1a, 2a and 3a, respec-
tively and structural degradation of fullerene above 570 ◦C plus char
yield contribute 20, 25 and 42 weight% (Figs. 3–5 and Table 2).
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Fig. 3. TGA thermogram and first derivative curve of (VE1a)28–C60 recorded at heat-
ing rate of 10 ◦C/min under N2.

Fig. 4. TGA thermogram and first derivative curve of (VE2a)28–C60 recorded at heat-
ing rate of 10 ◦C/min under N2.

Fig. 5. TGA thermogram and first derivative curve of (VE3a)28–C60 recorded at heat-
ing rate of 10 ◦C/min under N2.

Table 2
Calculation of number of addends per fullerene on the basis of TGA technique
reported earlier [47].

Code % Weight loss M n = (720/y × x/M)

25–150 ◦C 150–570 ◦C (x) >570 ◦C (y)

Fol 13 52 35 17 28
1a 12 68 20 106 23
2a 5 70 25 93 21
3a 7 51 42 155 6
2b 7 75 18 93 32

Table 3
Accurate calculation of number of addends per fullerene for hemi-ortho esters
(1a–3a and 2b) by modified method on the basis of TGA results.

Code % Weight loss (temperature range◦C)

Initial loss due
to volatiles

x y M n = (720/y × x/M)

Fol 13(25–150) 52(150–570) 35(>570) 17 28
1a 7(25–110) 75(110–580) 18(>580) 106 28

2a 5(25–130) 74(130–660) 21(>660) 93 27
3a 5(25–130) 83(130–750) 12(>750) 155 27
2b 7(25–110) 75(110–580) 18(>580) 93 32

2.3.4. Direct calculation of organic units
For example, in case of (1a), unit mass of each vinyl

ethanoate hemi-ortho ester (M) = 106 (molecular weight of vinyl
ethanoate = 89 plus hydroxyl unit = 17). Then number of vinyl
ethanoate hemi-ortho ester units attached per fullerene can be
estimated as follows:

Percent weight loss in the temperature range 150–570 ◦C = 68.
Percent weight loss above 570 ◦C temperature plus char
residue = 20.
Then, number of hemi-ortho ester units per
fullerene = (720/20) × (68/106) ≈ 23.

2.3.5. Alternative hydroxyl groups equivalent method
Total number of hydroxyl groups equivalent per

fullerene = (720/20) × (68/17) ≈ 144. There are about 28 –OH
groups in unreacted fullerenol, then contribution of hemi-ortho
ester units = 144 − 28 = 116 hydroxyl groups. Since molecu-
lar weight of one vinyl ethanoate unit is 89, then hydroxyl
group equivalent for each vinyl ethanoate unit is equal to 5
(89/17 ≈ 5). Then number of vinyl ethanoate units attached per
fullerene = 116/5 = 23.2–23 (since molecule cannot be fractioned).
In a similar manner, number of hemi-ortho ester units attached
per fullerene in other cases is also calculated (Table 2).

2.3.6. Modification of existing method
From Table 2, it is clear that number of addends calculated on

the basis of mass loss shows dramatically low value for 3a due to
incomplete removal of addends within 570 ◦C and also in other
cases, calculated value is in slightly lower side due to overlapping
of thermal events.

Therefore a little stringent approximation is made while apply-
ing this technique in present cases in order to get more accurate
results [47]. First, it is assumed that there should not be any over-
lapping of thermal events at particular temperature zone under
consideration. This means that thermo-gravimetric contribution
comes from single thermal event only. This approximation clearly
suggests that it is difficult to achieve universal temperature zone
for all the system and it depends on the nature of addends. Secondly
it is also assumed that particular thermal event must be completed
within specified temperature zone and there will be no extension of
temperature range for that particular thermal event. Overlapping
thermal events give erroneous result. Based on these two assump-
tions, temperature zones are re-defined for each derivatives and x
and y values are accurately calculated to get the exact mass loss.
Modified temperature zone gives more precise values for x and y
and hence the calculated number of addends in each case gives very
close to theoretical values (Table 3).
2.4. Thermal analysis

TGA thermogram and the first derivative TGA trace of hemi-
ortho ester derivatives and their comparison with unreacted
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Table 4
Summary of degradation pattern for products (1a–3a and 2b) on the basis of TGA
results between temperature ranges of 150 and 570 ◦C.

Code Degradation (% weight loss) Crest temperature (◦C)

Fol 35 214.5
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Fig. 6. (A) TGA thermogram of (VE2b)28–C60 recorded under N2 atm. at a heating
rate of 10 ◦C/min. (B) TG-MS of (VE2b)28–C60 recorded under N2 atm. at a heating
1a 61.66 250, 418
2a 44.56 248, 408.5
3a 43.16 516.2
2b 75 221.3, 414.9

ullerenol reveal several interesting observations not only to ascer-
ain the chemical attachment of vinyl ester units onto the fullerene
ore but also to predict their thermo-chemical behavior. Typical
GA thermogram of fullerenol and hemi-ortho esters recorded
t heating rate of 10 ◦C/min in N2 atmosphere are presented in
igs. 3–5 and thermal data are summarized in Table 4. In first
nstant, all the boundary condition of earlier reported method [47]
s applied to understand the efficacy of this model. Initial weight
oss in all samples is assumed to be due to the removal of low boil-
ng units inherently present in the samples. Typical characteristic
hermal features that distinguish chemically modified fullerenol
rom pristine fullerenol are presented below: (i) removal of hemi-
etal hydroxyl groups occurring at higher temperature compared to
H group(s) of unreacted fullerenol. (ii) An additional degradation

tep (first derivative TGA) appears at higher temperature (410 ◦C or
bove) for all the samples which is absent in unreacted fullerenol.
iii) Percentage weight loss due to addends in the temperature
ange 150–570 ◦C is much higher in hemi-ortho esters compared
o unreacted fullerenol and (iv) number of addends calculated
n the basis of percentage weight loss in fullerenol (hydroxyl
roups) and in products (addend units) are marginally comparable
o each other except 3a [47]. Above observations provide infor-

ation about the chemical attachment of vinyl ester units onto
ullerene core. Hemi-ketal hydroxyl groups need higher tempera-
ure for de-hydroxylation (230–250 ◦C) compared to free hydroxyl
roups in pristine fullerenol (crest temperature ∼214 ◦C) owing to
etter encapsulation of OH-group through bulky vinyl ester groups.
dditional degradation step at ∼410 ◦C is solely because of vinyl
ster units attached to fullerenol. Mass units of attached vinyl
ster are much higher compared to hydroxyl groups and higher
ass loss in the temperature range of 150–570 ◦C, therefore, nicely

ustifies the chemical attachment of vinyl esters units. Calculated
verage number of addended units in fullerenol and functionalized
ullerenol validate this observation [47].

Presence of phenyl group in vinyl benzoate imparts better ther-
al stability in 3a. It is attributed that degradation of phenyl group

ccurs above 570 ◦C and experimental mass loss value recorded
etween temperature ranges of 150 and 570 ◦C is significantly low
ompared to theoretically calculated value. Consequently the num-
er of addends calculated on the basis of mass loss shows drastically

ow value compared to other cases. Similarly, slightly lower value
n other cases is attributed to overlapping of thermal events below
50 ◦C. It is believed that degradation of addends have started much
elow 150 ◦C and completed above 570 ◦C. Therefore the temper-
ture zone of earlier approach has been modified to get precise
alues of x and y. Table 3 provides correct values of number of
ddends estimated under present condition.

TGA thermograms of (VE1a)28–C60 (Fig. 3) and (VE2a)28–C60
Fig. 4) follow similar pattern, showing monotonic weight loss up to
50 ◦C followed by a sharp degradation step between the tempera-
ure range 350–450 ◦C. First derivative TGA traces of (VE2a)28–C60

hows multi-step de-hydroxylation between temperature range
f 150 and 300 ◦C for the removal of hemi-ketal hydroxyl groups
crest temperature 248 ◦C) and vinyl acetate units between the
emperature range of 300 and 570 ◦C (crest temperature 408 ◦C).
lightly better thermal stability with longer alkyl group is evident
rate of 10 ◦C/min showing the evolution of (i) ethylene (28), (ii) water (18), (iii)
hydroxyl (17), (iv) vinyl alcohol/acetaldehyde (44), (v) ethane (30) and (vi) butane
(58) molecules.

from the higher crest temperature for vinyl propionate–fullerenol
adduct (VE1a)28–C60 [crest temperature 418 ◦C]. Higher thermal
stability due to incorporation of aromatic moiety is observed in
TGA and first derivative TGA trace of vinyl benzoate derivative
(Fig. 5) of fullerenol [(VE3a)28–C60]. TGA thermogram shows nearly
plateau-region up to about 400 ◦C with a percent weight loss ∼15%
[compared to ∼60% in (VE1a)28–C60 and (VE2a)28–C60] followed
by sharp degradation step between the temperature range 400
and 550 ◦C with a percent weight loss of ∼30%. Corresponding
1st derivative records a clear and sharp degradation step having
crest temperature 516.20 ◦C. Char yield of material is also higher
(∼20%) than other products. TGA and first derivative TGA thermo-
gram show better thermal stability of heterogeneous phase product
(VE2b)28–C60 (Fig. 6A) compared to homogeneous phase product.
Weight loss of ∼20% between 150 and 300 ◦C and ∼55% between
300 and 570 ◦C is observed. Char yield of the material is 23%. There
are ∼32 addends calculated on the basis of mass loss which is sub-
stantially higher compared to unreacted fullerenol (Tables 2 and 3).
It is attributed that higher value is due to the release of entrapped
TBAH and its contribution during thermal measurement. TG-MS for
(VE2b)28–C60 is recorded under inert atmosphere at a heating rate
of 10 ◦C/min. Desorption of physically absorbed water molecules

at temperature below 150 ◦C is detected (Fig. 6B). Presence of
entrapped tetra butyl ammonium hydroxide impurity in the prod-
uct is also detected. Thermal evolution of butyl chain (mass value
57) is observed at ∼425 ◦C along with other molecules like ethy-
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ene (from vinyl group, mass 27) and vinyl alcohol/acetaldehyde
HO–CH CH2/CH3CHO, mass 44). Calculated higher number of
ddends (on the basis of experimental mass value) compared to
nreacted fullerenol (∼28 OH-groups) nicely justifies TG-MS find-

ngs for the existence of small TBAH impurity in 2b. Interestingly,
his small TBAH impurity induces a significant doping effect on
hotophysical properties of the products also [55].

. Conclusions

Above results provide an opportunity to explore the potency of
imple thermo gravimetric analysis to evaluate average number of
ddends and various thermal characteristic properties of new class
f fullerene dyad materials. Presence of substituent in addends con-
ributes significantly to the overall stability of the dyads and made
n interesting effect during the calculation of number of addends
ttached on fullerene. Necessary correction to get exact values of x
nd y thus provides correct number of addends in vinyl hemi-ortho
ster dyads. Thermal analysis also shows an effect of entrapped
BAH while calculating number of addends in two phase system.
electivity of fullerenol towards carbonyl group in alkaline medium
ontributed significantly in designing simple and viable synthesis
oute for the preparation of stable hemi-ortho esters. Geometrical
rientation and large number of flexibly ether linked vinylic dou-
le bonds in close proximity induces delocalization of �-electrons
nd interaction between these delocalized vinylic electrons and
ullerene core, which is strongly reflected in appearance of struc-
ured bands in absorption spectrum[21]. Study of photophysical
roperty of these materials reveal that these double bonds behave
ore close to �-conjugated system than free isolated double bonds

21]. These free �-bonds provide an opportunity to play on the
onventional chemistry to develop new materials.

. Experimental

.1. Materials

[60]Fullerene (C60) (MER Co., purity >99.5%), vinyl esters (vinyl
cetate, vinyl propionate and vinyl benzoate), sodium hydroxide,
etra butyl ammonium hydroxide (TBAH) have been purchased
rom Acros and used as received. Methanol and other solvents
spectroscopy grade E Merck) are purified and dried (as per stan-
ard procedure) before use.

.2. Single-phase synthesis

.2.1. General method
The methanolic solution of vinyl ester (1–3, 10 eq. per hydroxyl

roup) is added slowly to an ice cooled mix alkaline aqueous solu-
ion of fullerenol (0.04 mM) and conc. NaOH solution (1 g in 2 mL
ater) under inert atmosphere. Temperature is slowly raised to

.t. and stirred for 24 h under inert atmosphere. The orange-red
olid products are extracted with dichloromethane and purified by
olumn chromatography.

.2.1.1. (VE1a)28–C60. FTIR (KBr, cm−1) 3426 (n, O–H), 3090 (n,
C–H), 2972, 2931 (n, C–H), 1675 (n, C C), 1450, 1375, 1312

d, C–H), 1080 (d, ether C–O), 950 (d, CH2), 872 (out of plane
H C bending). 1H and 13C NMR (CDCl3, d): 1.29 (CH3), 3.2
CH2), 5.74 ( CH2–) and 6.68 (–CH ) and 21.11 (CH3), 55.92

–CH2–), 193 [–O–C(OH)–O–] and the broad hump between
20 and 140 ppm for the fullerene and vinylic carbons. ESI-
S (m/z, %, fragment) 3980 (25, M+, C60 + 28 units + OH), 3880

100, C60 + 27 units), 3810 (50, C60 + 26 units + OH + MeOH), 3640
50, C60 + 24 units + OH + 3MeOH), 3545 (25, C60 + 24 units + OH),
ica Acta 513 (2011) 60–67

3410 (15, C60 + 23 units), 3210 (45, C60 + 21 units + 2OH), 3145 (5,
C60 + 21 units + 2OH), 2955 (60, C60 + 18 units + 4MeOH), 2570 (58,
C60 + 15 units + 3MeOH), 2475 (32, C60 + 15 units), 2190 (55, C60 + 12
units + 2OH + MeOH), 2125 (10, C60 + 12 units), 2007 (5, C60 + 11
units), 1088 (12, C60 + 3 units + OH), 1006 (95, C60 + 2 units + 3OH).
UV–vis (labs, Methanol, nm) 236, 286.

4.2.1.2. (VE2a)28–C60. FTIR (KBr, cm−1) 3428 (n, O–H), 3090 (n,
C–H), 2973, 2925 (n, C–H), 1678 (n, C C), 1452, 1376 (d,

C–H), 1086 (d, ether C–O), 754 (out of plane, C–H bend-
ing). 1H and 13C NMR (CDCl3, d): 1.2 (3H, s, CH3), 5.7
( CH2), and 6.5 (–O–CH ) and � 15–20 (CH3), 55–70 (sp3

hybridized carbons of fullerene), 100–110 ( CH2), 143 ppm
(–O–CH ) and 193 [quaternary carbon [–C(–O–)3]. ESI-MS
(m/z, %, fragment) 3490 (10, M+, C60 + 27 units + OH − vinyl
unit), 3424 (50, C60 + 25 units + 3OH + NaOH), 3352 (5, C60 + 25
units + OH + NaOH), 3289 (30, C60 + 24 units + 3MeOH), 3171(45,
C60 + 23 units + 3OH + 3MeOH), 3043 (48, C60 + 22 units + 2OH + Na),
2980 (20, C60 + 21 units + 2OH + 2MeOH), 2819 (100, C60 + 20
units + OH + Na), 2768 (5, C60 + 19 units + 4OH + Na), 2663 (35,
C60 + 18 units + 4OH + Na), 2584 (30, C60 + 17 units + 4OH + Na), 2466
(52, C60 + 16 units + 4OH + MeOH), 2350 (20, C60 + 16 units − OH),
2282 (40, C60 + 15 units + OH), 2216 (12, C60 + 14 units + 3OH), 2114
(12, C60 + 13 units + 17 2OH + Na), 2038 (50, C60 + 12 units + 5OH),
1991 (5, C60 + 12 units + 2OH), 1916 (30, C60 + 11 units + 2MeOH),
978 (5, C60 + 2 units + 3OH). UV–vis (labs, methanol, nm) 276, 327.
PL (�em) (solid, nm) 635, 673.

4.2.1.3. (VE3a)28–C60. FTIR (KBr, cm−1) 3422 (n, O–H), 3090 (n,
C–H), 3062 (n, aromatic C–H), 1598 (n, C C), 1552, 1412 (n,

aromatic C C), 1067 (d, ether C–O, asy), 1028 (d, ether C–O, sy),
950 (d, CH2), 844 (d, CH ), 710 (in plane aromatic C–H bend-
ing), 680 (out of plane aromatic C–H bending). 1H and 13C NMR
(CDCl3, d): 7.45–7.56 (aromatic) 5.7 and 6.5 (vinylic) and 131–139
(sp2 hybridized carbons), 176 (for substituted benzene carbon)
and 178 [–O–C(OH)–O–] ppm. ESI MS (m/z, %, fragment) 4485 (10,
M+, C60 + 23 units − OH), 4425 (50, C60 + 23 units − 4OH − vinyl),
4385 (5, C60 + 22 units + MeOH), 4370 (30, C60 + 22 units+ H2O),
4315 (45, C60 + 22 units–2OH), 4205 (48, C60 + 21 units + H2O),
4155 (20, C60 + 20 units + 8OH), 4100 (100, 4155-2 vinyl), 4090
(5, C60 + 20 units + 4OH), 4050 (35, C60 + 20 units + 2OH), 3872
(30, C60 + 19 units + OH), 3810 (52, C60 + 18 units + 7OH), 3720
(20, C60 + 18 units + 2OH), 3620 (40, C60 + 17 units + 2OH + MeOH),
3530 (12, C60 + 16 units + 10OH), 3460 (12, C60 + 16 units + 6OH),
3390 (50, C60 + 16 units + 2OH), 3330 (5, C60 + 15 units + 8OH),
3250 (30, C60 + 15 units + 3OH), 3195 (5, C60 + 15 units), 3090
(12, C60 + 14 units + 2MeOH), 3010 (50, C60 + 14 units–OH), 2985
(5, C60 + 13 units + 7OH), 2880 (30, C60 + 13 units + OH), 2770 (5,
C60 + 12 units + 4OH), 2755 (12, C60 + 12 units + 3OH), 2655 (50,
C60 + 11 units + 7OH). UV–vis (labs, methanol, nm) 204, 240, 262,
280.

5. Characterization techniques

Fourier transformed infra-red (FT-IR) spectra are recorded on a
Nicolet Magna IR 750 Spectrometer, using potassium bromide pel-
lets. The Ultra violet–visible (UV–Vis) spectra of the products are
recorded on a Varian-CARY 500 UV-VIS-NIR spectrophotometer in
solution. 1H and 13C nuclear magnetic resonance (NMR) spectra
are recorded on Brucker Av 400 spectrometer operating at fre-
quency of 400 MHz in different deuterated solvents. Electrospray

mass spectra (ESI-MS) are recorded on a MICROMASS QUATTRO
II triple quadrupole mass spectrometer. Methanolic solution of the
samples was introduced into the ESI source through a syringe pump
at the rate of 5 �L/min. The ESI capillary is set at 3.5 kV and the
cone voltage is 40 V. The spectra are collected in 6 s scans and the



ochim

p
e
A
P
u
d
f
u
m
c
f
J
s
A
t
f
s
a
4
a
a
t
u
e
r
a
t
r
e
d

A

t

R

[
[
[

[
[

[

[

[
[

[

[

[
[
[
[

[

[
[
[

[
[
[

[
[
[

[

[

[

[

[

[

[

[
[

[
[

[
[

[
[
[
[
[
[

R. Singh, T. Goswami / Therm

rint outs are averaged spectra of 6–8 such scans. Thermal prop-
rties are measured using a Hi-Res TGA 2950 Thermogravimetric
nalyzer (TA Instruments) attached to a Thermal Analyst 2100 (Du
ont Instruments) thermal analyzer, at a heating rate of 10 ◦C/min
nder N2 atmosphere. The enthalpy change associated with the
ehydroxylation of fullerene derivatives was determined using dif-
erential scanning calorimetry (DSC) at a heating rate of 10 ◦C/min
pto 500 ◦C using a TA Instrument Inc. Thermal Analyst System
odel 2100 equipped with a model 2910 DSC cell. The sample

ompartment is purged with dry nitrogen at 50 mL/min. The sur-
ace topographical structures of the samples are studied by JEOL,
SM-840 scanning electron microscope (SEM). The samples are
pread on a double adhesive tape supported on a brass substance.
fter mounting the sample are coated with gold in plasma sput-

er unit and then analyzed by SEM at 5 kV. Electron spectroscopy
or chemical analysis (ESCA) is obtained by X-ray photoelectron
pectrometer equipped with a monochromatic X-ray source. ESCA
nalysis is performed at a nominal photoelectron take off angle of
5◦ and the depth of analysis for these samples is 100 Å. The relative
tomic% of each element at the surface is estimated from the peak
reas using atomic sensitivity factors specified for the spectrome-
er. A BAS Epsilon-EC-Ver 1.40.67 Cyclic Voltammeter/Autolab are
sed for cyclic voltammetric analysis having platinum disc working
lectrode, a platinum wire counter electrode and pseudo Ag/AgCl
eference electrode in a single compartment. The measurements
re carried out at the scan rate of 100 mV/s. The reversible oxida-
ion signal of Ferrocene/Ferrocenium (Fc/Fc+) is used as the internal
eference. Tetra butyl ammonium perchlorate as the supporting
lectrolyte is used after purification and drying according to stan-
ard procedure.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.tca.2010.11.012.
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