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Abstract —A butylamine derivative of fullerene was prepared by the reaction of butylamine with fullerene
Ceo- The experimental electrooptical and dipole characteristics of the derivative were compared with the
corresponding calculated PM3 data. The reaction product proved to be inhomogeneous in the number of the
amine molecules added; it contains polar multiadducts gf @ith noncentrosymmetric distribution of
covalently bound amino groups over the fullerene core.

The molecular characteristics and synthesis meththe reaction products of fullerenes with amines
ods for fullerene derivatives attract much attentiorinclude regioisomers with different numbers of amine
of materials scientists, as usually only chemicaimolecules added [2,-10] and also that the composi-
modification allows practical application of the uniquetion and properties of amine derivatives of fullerenes
properties of the framework forms of molecularare strongly dependent on the synthesis conditions [7].
carbon [1]. By contrast to fullerenes;gCand G, their
amino derivatives are well soluble in organic solvents The mechanism of covalent addition of primary
[2] and surpass unmodified fullerenes in photophysiamines to fullerenes & and G, was studied by
cal properties [3]. A large potential of fullerene- various spectral methods [2, 4-B)]. These studies
containing materials and easy preparation of fullerenshowed that the reactions go in two steps, namely, one-
compounds with amines stimulated in recent yearslectron transfer from the electron donor (amine) to
synthesis of various amine derivatives of,@nd G, electron acceptor (fullerene), yielding a radical anion
[2-5], including water-soluble derivatives suitable forCg,(C7,) and a radical cation RNJY, which further
studying the biological activity [6]. It was noted that recombine in the second step by the following scheme:

RNH; .
+. - NHR
RNH2 + C60_> -
) ’

In this study, the reaction product {&4g) of butyl-  fore, estimation of the average number of the amine
amine (A) with fullerene &, (Cgo) was examined by molecules added to fullerenes is always troublesome
the methods of dielectric polarization of moleculeg[2]. We took this into account when choosing the
[11] and electrooptical Kerr effect [12] in toluene. experimental methods in this study.

As already mentioned, reactions of primary amines Importantly, studies of the regioselectivity of the
with fullerenes, depending on the conditions, yieldaddition to G,[13] showed that energetically allowed
virtually inseparable multiadducts with difficult-to- are reactions between the reagent and the most re-
control number of the amine molecules added. Thereactive carbon atoms (€ bonds between two hexa-
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Fig. 1. ¥3C NMR spectrum of the ACgo sample in CDCls.

gons in the pyracyllene rings of g of the hemi- The signals at 6772 ppm, characteristic afg® atoms
sphere of the fullerene that already has been the sitd the modified fullerene, appear upon addition of
of one covalent addition. This means that reactions aimines at double bonds of fullerene [15, 16]. The
fullerenes with primary amines can yield derivativessignals at 14, 20, 33, and 46 ppm are attributed to the
with noncentrosymmetric distribution of amines overcarbon atoms of the CHand CH, groups in the butyl
the carbon core. Such derivatives of fullerene shouldadical of A-Cgg

exhibit significant polarity (owing to the AN bond),

. . o . The IR spectrum of ACq4, (Fig. 2) contains no
which can easily be revealed by estimating their I~ . 60
dipole moments. or by studying their electrooptical characteristic absorption bands of fullerene (527, 576,

S , 1182, and 1428 cm). The appearance of intense
properties in- solutions. bands at 10041200 )crﬁl (vib?allotions of the GN
The experimental dipole and electrooptical characbond) and disappearance of the absorption band of
teristics of the amine derivative of g synthesized in antisymmetric vibrations of the NH groups at
this work, were compared with the corresponding3336 cn1* confirm the covalent addition of A to &
calculated (PM3) data for the A5, molecules with [5, 16].

iggc?lﬂligism(gggﬂlteil‘? g dggn[]légéigg'ns za(l)l:covglr]egl (;er:?r:g The solutions of ACg,in toluene exhibit positive
b electooptical Kerr effect. The equilibrium electro-

adducts. No addltlon_a : approximations, except for th%ptical properties of the substance under study were
NDDO (neglect of diatomic differential overlap) ap- characterized by the specific Kerr const&qtwhich
proximation underlying the PM3 method, and N0 as determined by relationship (1):

symmetry restrictions for the ACq, molecule were
taken in the calculations. Covalent bonding in the K = lim [(An, — Ang)/E%]. (1)
A-Cg, synthesized was confirmed by the UVSC E-0

NMR, and IR studies. The UV spectrum of-84; in
chloroform is a monotonically descending curve withHere,An. — An, is the difference between the birefrin-
a small inflection near 260 nm, characteristic of co-gences induced by the field in a solution of the sub-
valent derivatives of g, [6]. stance under study at the concentratmand in the

The 13C NMR spectrum of ACq, (Fig. 1) exhibits solvent, respectively, anH, electric field intensity.

a broad maximum at 14050 ppm, where the initial The plots of the birefringenceén vs. the squared
fullerene Gy has a narrow peak at 143 ppm, andelectric field intensityE? for the A-Cg, solutions were
monoadducts of the fullerene, a set of well-resolvedinear (Fig. 3a), which evidences molecular dispersity
lines. This suggests the presence of adducts withf the solutions. According to relationship (1), the
different numbers of incorporated amine moleculesslopes of the straight linean = f(E?) give the Kerr

c—>0
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Fig. 2. IR spectrum of 1) butylamine, ) A-Cgo sample, and 3) fullerene G

constanK at the specific concentration of the solution2,19+0.06] and of the squared refractive inder{(
These data were used for constructing the concentra%)/c = 0.323+ 0.005], we calculated by relationship
tion dependence and extrapolatikgto the zero con- (2) the specific dielectric polarization of the sample of
centration. Since for the sample under study thé\-Cg, u“/M = (1.6£0.4)x1078 (CGS units).
constantK was virtually independent of the concentra-

tion (Fig. 3b), the experimentd{ parameter for A 5 , o
Cop [(1.420.2)x 10 cmP g (300 V)7 was calcu- W 2KT 1 [8 oL B ”o]_ @
lated as an average for the concentrations. M= 4nNa (2 + 1)2

Using the experimentally measured specific in-Here, p is the permanent dipole momeri¥l, molec-

crements of the dielectric permittivity {(— €5)/c = ular weight of the object under studl; Boltzmann
(a)
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Fig. 3. (a) Variation ofAn with the squared electric field intensiEy? (1, 2 for A-Cgqin toluene at the solution concentrations
of (1) 0.518 and 2) 0.311x 102 g cnts and @) for pure toluene and (b) concentration dependendé¢ fafr A-Cgy sample in

toluene.
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Fig. 4. Structure of the ACgy molecules with the number of amine molecules adaed 2, 4, 5, 6 (PM3MOPAC program;
the designations correspond to the numbers of the mod€gimolecules in Table 1; arrows indicate the directions of the
permanent dipole moment of the polar structures).

constant;N,, Avogadro numberT, temperature, K¢  as well as the parametepsfor the varying numbem
and g, dielectric permittivities of the solution and of the arms added to & Next, we applied the rela-
solvent, respectively; and and n,, refractive indices tionship underlying the Kerr effect theory [formula (3)]
of the solution and solvent, respectively. for the substances whose molecules can be modeled
The experimental parametets and u?M of the by rotation elllp_smds with the corresponding sym-
A-Cg, sample were compared with the correspondind’;etry of properties [12, 17] and calculated the molar
calculated data, derived from the theoretical moleculare!” constantsKy, for these ACqo molecules.
parameters of the model molecules of under
assumption that they have@ amine moleg}lgs added. Ky = 2nNa(0; + 09), (3)
Figure 4 presents some of the optimized structures of 0, = (45T (b, — by)2 + (b, — ba)? + (b3 — b)),
the A-Cgz, molecules differing in the number of the
amine molecules added. 0, = (45T (1f — p3)(by — by) + (15 - K3)(b, - by)
For fully optimized model molecules (with amine + (13 - )by - bl
molecules added in accordance with the regioselec-
tivity rule for Cg, [13]) (Fig. 5), we calculated theo- Here, 6, and 6, are contributions from the deforma-
retically the eigenvalues of their optical polarizability tion and orientation components of the Kerr effect,
tensorb; (i = 1, 2, 3) and optical polarizability anisot- andy, projections of the dipole moment onto the axes
ropy Ab = {[(b; — b,)? + (b, — by)? + (b; — b))?)/2} Y2, of the coordinate system, whose axis 1 corresponds to
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Table 1. Parameter$/, calculated parametepsandAb (PM3), and the calculated parametégsandé, [Eq. (3)], Ky, and
w2M for A-Cgo molecules with different numbers of amine molecules added

b | Abx 1074 4 4 Ky x 1010, K2¥x 100, (n2IM) x 10°%8,
oM | D cme® 01x10%% | 0,x10° cmgvboo VY2 | cnP (“goo vy29 | cGS units
1 793 | 2.44 10.06 1.108 | 13.69 55.96 55.96 0.75
21 866 | 0.0008|  20.50 4.6 <0.001 17.40 46.67 ~107
2.2 3.37 10.36 1.175 | 13.01 53.99 1.31
31 939 | 2.32 18.15 3.60 0.67 16.15 20.35 0.57
32 4.00 1.63 0.029 7.019 26.66 1.70
41 | 1012 | 0.001 21.43 5027 | ~0.0001 19.01 56.93 ~107
42 3.12 10.74 1.26 16.30 66.41 0.96
5 1085 | 2.12 11.06 1.34 12.44 52.11 52.11 0.39
6 1158 | 0.003 2.37 0.0615 | ~0.0001 2.33 2.33 ~107

@ Designations 1, 21, 2-2, 3-1, 3-2, 4-1, 4-2, 5, and 6 correspond to the addition scheme in Figt? p;= (Zuiz)llz, i=1,2, 3.
€ Ab = {[(b; — by)? + (by — by)? + (bg — b)2Y2}2 d KV (2) = 0.Ky(2-1) + 0.8, (2-2); KY(3) = 0.&y(3-1) +
0.4K\(3-2); KRY(4) = 0.Ky(4-1) + 0.&y(4-2).

the largest polarizability of the molecules; other de-does not correspond to any of the theoretically pos-
signations are identical to those in Eq. (2). sible structure nos. -B, whose characteristics are

Tables 1 and 2 present the calculated data a esented in Table 1. The parameféfM for the A-

model parameters of the theoretically possible struct-hfg’osrzwcﬂﬁ Sgﬁéi?ag dbzsétdf:,tcg ?g&rq.%?; galar eo;;he
tures of the ACyz, molecules at different parametens y 99

The specific (per unit mass) paramet&rsand Ky,
are related as (4) [17].
K = [(n§ + 2P(sq + 2PKyl/M x6n,. (4) Ceo @)
Table 1 suggests that the possible, according to the

regioselective rule of structures,—&, adducts with
m = 1-6 include polar and optically anisotropic (see

and Ab parameters) nanoparticles whose electrooptical
properties will be determined by the contribution from
the orientation termd, due to the occurrence of a
permanent dipole moment of the particle [see Eg. (3)],
since in this casé, > 6,, and also virtually nonpolar 1 2-1 22
nanoparticles( ~ 0) for which the Kerr effect is due
only to anisotropy of their optical polarizability, i.e.,

A sharp weakening of the anisotropy of the optical
polarizability and dipole moment of -ACy, with six 3-1 3-2 4-1 4-2
arms is due, evidently, to restoration of the symmetry

of the molecule, close to that of the initiakg which
though exhibits significant optical polarizability, is
nonpolar {1 = 0) and optically isotropic (for eigen-
5 6

values of the polarizability tensor of fullerenegC
holds b, = b, = by = 68.93x10* cm®, and hence

Ab = 0). Fig. 5. Regioselective scheme of addition of different
numbers of similar groups to fullereng;§ according to
The experimental parameteprZ/M for the A-Cgg [13] (adduct numbers correspond to those of the molec-

sample correlates with the calculated data, though ular structures of the ACgy molecules in Table 1).
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Table 2. Heats of formationAH; calculated (PM3) for Keq
A-Cg, molecules with different numbers of amine mole- AmCeo + A & Am1Cop (6)
cules addedm, heats of formationAH®" averaged for ] ) )
isomeric adducts with identicain, and energy gaimE Then, the numerical fractior(m) of adducts with
from formation of the adducts per A molecule, calculated™ @mine molecules added will be described by rela-
by formula (5) tionship (7).
1 av 1 1 c{A])m
m AH;, kJ mor™ |AH{Y, kJ mof~| AE, kJ mof X(m)=——"——
m
0 3398.4 3398.4 - nEcSKe‘{AD
1 3197.9 3197.9 -108.9 -
2 2998.2 2997.2 -108.9 v, (KedAl = 1)
2996.1 KodAl) ™1 — (KedA) ™
3 2795.5 2794.3 ~109.3 = | Ked - 4 , (KedAl #1).  (7)
2793.0 (KedAl) * -
4 2594.6 2592.9 -109.3
2591.2 The weight fractions of the adducts(m) were
5 2388.6 2388.6 -110.1 calculated by Eq. (8).
6 2184.7 2184.7 -110.5
X(MM(m)
w(m) - 8)
unambiguously the presence of polar molecules in the nEoX(m)M(m)

sample. However, the paramete/M does not

exhibit additivity in solutions, and the proportion of Here, M(m) are the molecular weights of the adducts
polar molecules in ACg, cannot be derived from the with m amine molecules added (Table 1). The param-
experimentalu’/M parameter. At the same time, theeter K,, for the sample comprised of adducts with
Ky parameter is known [17] to exhibit additivity for different number of amine molecules addedan be
inhomogeneous in composition molecular objects ircalculated by formula (9).

solution, which can be utilized in analysis of the

composition of the ACg, sample. m=6

— ay,
The calculated heats of formatiotH; (Table 2) n?:ow(m)KM(m)' ®)
for the structures-2L and 22, 3-1 and 32, 4-1 and
4-2, i.e., for polar and nonpolar isomers with identical Formula (9) includes the averagédy parameter
numbers of amine molecules added, are very clos¢Table 1) for isomeric (polar and nonpolar) adducts
which allows formation of polar and nonpolar8¢, with identicalm. The reason is equal thermodynamic
adducts to be considered as equally probable eventsprobability of distribution of the addends A over the

The energy gaimE(m) (Table 2) per butylamine fullerene core (the calculatedH; parameters of iso-

molecule, due to formation of adducts ofvith the meric adducts are close for identical as seen from
number (’)f amine molecules added= 1-6. can be Table 2). It can be easily demonstrated for such
estimated by Eq. (5): ’ equally probable distribution that, fon = 2, only 3

of 15 possible adducts will have nonpolar structure
2-1 [K§'(2) = 0.XK},(2-1)+ 0.&,(2-2)]; for m = 3,
- AHt(A). ®) " only 8 of 20 possible adducts will have polar structure
32 K () = 0.&4,(3-1) + 0.&,(3-2)]; and for
=4, onIy 3 of 15 possible adducts will have non-

av
AE(M) = AHg¢ —mAHf(O)
Here, AH®(m) is the averaged heat of formation
AH{(m) of the isomeric adducts with identical M av -
numbers of amine molecules added and AH((A), goéir irzucture 41 [K§(43) = 0.X,(41) +
heat of formation of butylamine. Calculations show m(4-2)]
that AE(m) is virtually identical for all the adducts,  Calculations by formulas (®) using theK§y(m)
since the difference in the calculatéd(m) param- parameters from Table 1 show th&qy hasamaX|mum
eters does not exceed the thermal motion energy K JA] ~ 1, when noticeable contributions come
(2.51 kJmot! at room temperature). from adducts with bothm = 1 andm = 5, having the

The fact thatAE(m) is virtually independent ofm  1argest Ki(m) parameters.
suggests that the equilibrium constarkg, (6) are WhenK.JA] = 1, for all the adducts holdg(m) =
identical atm = 0-6. 1/7 andw(0) = 0.11,w(1) = 0.12,w(2) = 0.13,w(3) =
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0.14, w(4) = 0.15,w(5) = 0.17, andw(6) = 0.18, between the primary amine and fullerene toward
which vyields the calculateK,, parameter of 34 adducts with larger numbers of the amine molecules
101° cn (300 V)2 added, it is necessary to increase [A]. Since the reac-

: . _ tion is run in liquid amine, the concentrations [A] >
To estimateK,, from the experimentaK = 1.4x : . . :
1010 P gL (300 V2 for the A-Cg, sample, we 10 M can be attained only by changing to amines with

have to set a molecular weight of the sample undeg lower molecular weights compared to A. For ex-

) L mple, for propylaminep® = 0.719 g cm) [A] is
study. The number-average and weight-averag qual to 12.2 M. This allowX,JA] to be increased

molecular weights of the adducts &m) = 1/7 (m = f .
. -~ _ from 1 (for A) to 1.22 at the sami€,, as for A, which
0-6) were estimated at 939 and 963 g Mprespec yields x(0) = 0.07.x(1) = 0.09,x(§§ = 0.11,%(3) =

tively. lésm% Eq. (4),2th|s yields, of 38x 10'° and 0.13.%(4) = 0.16.X(5) = 0.20. anck(6) = 0.24.
37x 10 cn® (300 V)2, respectively; these values are
close to the calculated data. EXPERIMENTAL

The equilibrium constan,, can be estimated _ _
from the conditionK JA] = 1, taken above. Since = The A-Cg, adducts were synthesized by introduc-
fullerene is modified in an over 200-fold molar excesgng 0.3 g of G, (99% G, available from Fullereno-
of butylamine (see below), we can take for [A] theVye Tekhnologii, St. Petersburg) into 85 ml of freshly

concentration of individual butylamine, namely, 10 Mdistilled A with stirring of the solution for 48 h at
(for butylaminep2® = 0.74 g cm°, M = 73 g motl);  room temperature. Next, A was removed in a vacuum,

then Ky, ~ 0.1 | mol™. and the reaction product was vacuum-dried &M
d ) constant weight, whereupon 100 ml of ethanol was
Unfortunately, there are no published datakn  added. The resulting solution was filtered, and ethanol

for reactions of G with butylamine. However, Ichida yas removed in a vacuum. Drying to constant weight
et al [18] estimated at 0.020.01 | mol™ the equi- yie|ded 0.3385 g of AC,

librium constant of formation of a charge-transfer

complex between & and aniline. This is by an order ~ The **C NMR spectrum was recorded on a Bruker-
of magnitude smaller thak_, ~ 0.1 | mol%, obtained DPX (300 MHz) spectrometer in CD&IThe IR spec-

in this work. Nevertheless, this difference seemdr@ were recorded on a Bruker IFS-88 IR Fourier spec-
reasonable, since butylamine is a much strongdfometer in KBr, and the electronic spectrum, on a
electron donor than such aromatic amine as aniline.SPecord M-40 spectrometer in chloroform.

Our results, first, confirm that th&,, parameters The electrooptical Kerr effect [12], or birefringence,
can be adequately estimated from the results of quaif solutions of A-Cy, under exposure to external elec-
tum chemical calculations of the polarizability tric field was studied in a rectangular pulse field at
tensors and dipole moments of adducts with differenthe pulse length of 2 ms and voltage supplied to the
numbers of amine molecules addedy and second, measurement cell from 0.1 to 1 kV. The measure-
suggest a close-to-equilibrium distribution of thements were run in a glass cell with parallel plane
adducts over the number of amine molecules addeitanium electrodes 2 cm long, separated by 0.05 cm.
m = 1-6 in the composition of the AC,, sample The optical birefringence was recorded photoelec-
studied. trically, using low-frequency modulation of the ellip-

Thus, the product of the reaction between fulleren(%ical light polarization by the compensation procedure

Cgo and butylamine is a mixture of polar (noncentro- 12!3' The light source was a Hble laser { = 6328«
symmetric distribution of the groups added over thel0" ¢m, capacity 1.5 mW); a thin mica plate with the
fullerene core) and nonpolar (symmetric distribution)intrinsic phase difference of 0.62r served as com-

of adducts of G, with equally probable number of Pensator. The ACg, solutions were colored, and the
amine molecules added from 1 to 6. When exposed t&iéasurements were possible only at concentrations
electric field in solutions, the polar adducts in theunder 0.510“ gcnT™.

A-Cqo Sample behave as ordinary polar nanoparticles. The specific dielectric polarization of the sample
This suggests that the methods used in this work arg/M was measured in a toluene solution by the
suitable for studying the structural features of OthebuggenheimSmith method [11]. The dielectriper-
amine derivatives of fullerenes, especially for identi'mittivity of the solutions was measured in an E12-1
fuing of their mono, bis, tris, tetrakis, and pentakisgeyice for measuring the capacity by the zero beating
adducts. method [11]. The measurements were run in a cylin-
A practically important outcome of this study is drical titanium capacitor with the intrinsic capacity of
that, in order to shift the equilibrium in the reaction98.6 pF. The refractive indices of the solutions were
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measured on an IRF-23 refractometer at the wave-6.
length of 578010 cm. For all the parameters of
the setup and details of measurement technique, see
[19]. The parametep?M was calculated by formula

). 7.

The Kerr effect, dielectric permittivity, and refrac-
tive indices for A-C4, were measured in toluene at
21°C. At this temperature, the solvent had the follow- 8.
ing characteristicsp, = 0.867 g cr®, n, = 1.4972,
and g, = 2.385.

Computer simulation of the ACg, molecules with
m amine molecules added was carried out by PM3
method using the MOPAC routine [14]. For fully 10.
optimized structures of the molecules, the optical
polarizability tensor and the components of the peri1l.
manent dipole moment of the molecules were cal-
culated in the coordinate system with the axis cor-
responding to their largest polarizability. 12.

9.
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