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ABSTRACT

Up tn now, varinus empty carbon fullerenes with different magic number “n”, such as Cay, Can, Cop, Can
Cize, Coag and 50 nn, have been nbtained. The calixfn]arenes are a ciass of chalice-like macrocyclie
mnlecules that have attracted widespread attention as complex molecules with liquid crystal bebaviors,
These classes of compounds are cyclic nligomers synthesized by coadensation of a parg-alkylated pbennl
and formaidehyde. Quantitative structurai relationships have been successfully used 1o coastruct effective
and usefii mathematical methods for finding good relationships bebween structurat daiz and (he varinus
chemical and physical properties. Th establish 3 good structural relatinnship between the structures nf
fullerenes C, (= = 6L, 70, 76, 82 and 86) with p-suifnnated calix[8)arene as supramolecular [p-sulfanated
calix[%]arene]i@[C,] complexes was utilized the aumber of carbon atoms of the fullerenes “n™. In this
study, the relationship between number nf carboa atoms and the four free energies nf electron transfer
{AG oy 10 Alryp) as assessed using oidatinn reducting equation between fullerenes C, (1 = 60, 71, 76. $2
and %6) 1-5 and p-sulfonated valix[8jarene () as [p-suifnnated calix[Sjarenc]@{C,] supramolecular
complexes {A-E) are presented. The results were extended to caleniate the four free eaergies nf electron
transter {(AGu; 1o dGywy) nf other supramolecular complexes for fullerenes Cig 10 Cago and p-sulfhnated
calix [3] arenes A-1 1o B4,

Keywnrds: Calix[8jarenes; Fullerenes; Free energy of electron transfer; Electrocherical properties

INTRODUCTION

Molecular guest-host systems have attracted enormous
interest in recent years.[1-0] A guest molecule may also
be more fess pennanently incloded in cage-type
maolecutes of the carcerand or hemi-carcerand type [7-9]
or reversibly encapsulated in hollow assemblics held
together by electrostatie forces. [1,10.11,18]
Calix[n]arenes are a class of macmeyeles that have
attracted much interest bocause of their patential for
forming  host-guest  complexes  and  have  been
extensively investigated in various fields [12-24].
Calix[n]arenes with various funetions have heen

* Corresponding Author. avatarman. laherpnor@iemail com

developed  with  remarkable  progress by
modifying either the upper or tower tim [12-19,
25]. Especially, for developing calix[n]arenes as
analytical reagents, upper or lower rim-modified
calix[nfurcnes have been applied for ion and
molecular separaticos [17-20], as well as sensors
such as ton and molecular selective electrodes
and afso liquid erystals [18-33]. Although =l
members of the series of calix[nJarcnes {n = 4 to
207 have been known, even oligomers (letramers,
hexamers, octamers, etc.} are ser1¢5 (o synthesize
thaa odd oncs [34]. Calixarenes can provide
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1985[35]. This event led to the discovery of a
whole new set of carbon-based substances

insights into the binding of both electroinactive
and electroactive  guest species.  These
comprunds can mpen up new  avohuces for
immnbilizatinn nf these receptnr melecules onto
surfaces[34a].

The water-snjuble p-sulfimated sodium salt
nf calix[Blarcne was synthesized before.[34a]
The electrochemical behaviors and symthesis of
p-sulfitnated stdiem  salt cahx[Rlaremas 6 in
NaAc+HAe (pH=4) buffer solutinne was smwdied
and reported by Dian ¢ 2f. in 2007[34a].

The unique stability of molecular allotropie
forms such as Cg and Cop was demonstrated in

Fig.1. Imagnury suprarnieeylsr [p-suifmsied caiix[&]arene]@[Conl Jl , :
Complexes (L with 6). 1

The electrochemical properties ntf  the
fullercne Cgy have been sivdied since the eary
1990, when these materials became available in
macrpseome  guantitics (for a review  sce
[39N[36-39]. In 1990, Haufler ef ! [40]. have
shown that Cgp is clectrochemically reducible in
the CI1,Cl; medium to Gy~ and Cey . In 1992,
Gehegoven ¢f of. [41] have cathodically reduced
both Cep in six reversible onc-electron steps for -
0.97 vs. Fo/Fe' (Fe=ferrocenc). This faet, along
with the absence of anodic cleclochemstry of
fullerenes, malches the clectonic siructure of
fullerenes: the LUMO of Cg can accept up to six
electrons w form Cg™, byt the position of the
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kmnwn as fullerenes, : f
After the disenvery of Cyp peapods by Luzzi
et @ [35-37a), the aligned structure of

encapsulated mmlecules duc to the mmlecule-
mulecule andor moleenle-SWNT interactions
has been studied as a new type nf hybrid material
[37b]. Zbang ct al. [37c] reported evidence for
the latler imteracting by a measurement of the
thermal  sability of Cg 1;‘ . peapods[3 7a-c].
- |
| .

-

- —

T

HOMO does not allow for hole-deping under the
wsual elecirochermeal -::nnditiun:s. In 1991, Bard
el af [42] first reported - on imevetsihle
clectrochemical and struetural reorpanization of
snlid fuilerenes tn acetomitnile medium. Dunsch
¢t al [43] have upgraded the experimcntal
conditions by invesugating highly organized Cyg
flins on HOPG in aquects medim. The
reduction of such flims manifested dtself by re-
struetuning inte conductive nanochisters of ~ 10
nm in diamcter [43, 44]. The first reduchen
P(Jlﬂ[lllalﬁ. of Cppy Capy Cree Cwp and Cgy wore
measvred by T, Suzuki ef /. m 1996 [45]. The
first eported oxidation potentials are +1.21,
|
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+1.19, +0.81, +0.72 and +0.73 Volt for Cg, Cop,
C';rﬁ, Capand Cg,g, I'ESP'ECﬁVﬂl}r.

(Graph theory has heen fourd to be a useful tnnd
tm assessing the OSAR (Quantitative Structurc
Activity Relationship) and QSPR (Quantitative
Structure Property Relationshipi[46-54].
Numerous studies in the abnve areas have also
uscd that are called topolngical indices (TI).(48-
31] It is important to use cffcetive mathematical
mcthods to make pood cnrrelatings between
several data properties nf chemicals. Numerous
studics have been performed related 1o the above
mentioned  fields by wsing the so-called
tnpolngical indices (TT) [46-54]. In 1993 and
1997, a relared complex nf applicatinns nf the
Wiener and Harary indices in fullerene science
was reported [31-54]. The mumbhers of carbon
athms at the structures nf the fullerenes were
utilized here.

In this study, the relatinnship between this
index and the relationship between namber nf
catbon atoms and the four free energies nf
glectron transfer (AG.p to AT a5 assessed
using the oxidatinn-reduction equation between
1-5 and p-suifonared calix[8Jarene (6} as [p-
sulfinated calix[8]arene]@[C;] supramolecular
complexes (A-E) are presented, The results were
extended to calculate the fur frce cnergies of
elcctron  transfer (AGayg; W0 AG.q) of nther
supratnolecular complexes for fullerenes Cyy to
Capn and p-sulfonated calix{8]arenas A-1 to R-4.
By this model can predict a series nf structures nf
[p-sulfonated  calix[8Jarene]@[C,] complexes
which they have made a pood possibility 1o
soluble and itransfer fullereses C, in water or
pator medio ag an ermutsinn,

GRAPHS AND MATHEMATICAL

METHOD

All graphing nperations were perfirmed using
the Aficrosoft Office Excel 20103 program. The
aumbcrs of carbon atoms at the stactures of tbe
fullcrencs C, were wtilized o make the
relationship and calculate the frst oxidatioa
potentials (“E,) nf C; tullercncs and the free
energies of electron transfer (AG,4,) a5 asscssod
using  the Rehm-Weller equation for  the
supramoleculir [p-sulfonated calix[¥Jarene]@[C]
{ A-E}) complexes.
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For modcling, both linear (MLR) and
nonlinear (ANN} mndels were used in this stady.
To calculate the valucs that were not reported
previously, equations 1-5 of this study were
wtilized. Some nf the nther indices were
examincd, and the best results and equatinns for
extending the physicochcmical data were
chnsen[46, 47, 52-34].

DISCUSSION

The structures nf p-sulfnnated calix[nlarenes {n =
4, 6, 8} and their electrochemical properties were
reported by G.-W. Diao. [34a-c, 58, 59] Pailleret
et al. [38, 59] reported the electrochemical
characteristics nt p-suifonated calix[6]arene. The
results showed that p-sulfonated calix[n]arcne
fo=4 and §) conid be nxtdized at 0.7-0.8 Volt vs
SCE. The studics bave showed that it was easier
to oxidize p-sulfnnated calix[4]arenc than p-
sulfnnated calix[6]arene. p-Sulfnnated
calix[8larene 6 = simular to  p-sulfonated
calix[4Jarcne and psulfonated calix[6]arene,
which can alsn he nxidized at a pntential of 0.7-
09 Volt vs SCE.  [3ad] p-Sulfonaed
calix[8larene 6 was synthesized hy the reactions
nf calvx[8larene with concentrated H;S0, [34a-
d] The electrochemical properties nf sodium salt
nf p-sultbnated calix[8]arene 6 in NaAc(0.5 M)
+HAc(03 M) (pl1=4) buffer snlutinn was
reported by G.-W. Diao et al. in 2007.[34a] In
aqueous soluttnn, p-sulfoasted calix[¥]arene can
ke oxidized when the potential is mnre than 0.7
Vnlt vs SCE. It was confirmed thot the reactinn
was a wo-electron ireversible electrochemical
reaction. The anodic peak potential ts 0.83V (vs
SCE at 25°C and pH=4).[34a] The mcthyl cther
of calix[8]arene crystallizes from CDCl; with
two molecules of the snlvent per molccule of
host. An X-ray strucmural investipoting has
shown that the CDCl; guests exist within the
calixgrenc framework, The complex resides on a
crystallographic center nf inversioa, and the
cavity 5 roughly circular in projoction as
mexsured by the distance between controtds of
arnmatic rings related by the center: 143, 13.9,
0.1, and 11.2 A, Six of the oxygen atoms are
found nn the tnside and two on  the
outside[33 36]. In conirast, the ioner cavity
diameters of calix[4]arene, calix[6]arcne and
calix[8Jareae are 3.0, 76, and 117A.
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respectively[56, 57]). The cavity size of p-
-sulfimated calix[8larene 6 is more suitable than
the  smaller p-sulfonated calix{njarenes to
¢nostructinn the structures nf supramnlecular [p-
sulfonated calix[8]arenes]@[C,] cnmplexes. The
diameter size of Cgp was calculated to be 6.70A
[36, 47, 52]. The diameter size of fullerenes C,
{n =20, 24, 26, 35, 3a, 58, 60, 70, 76, 78, 80, 82,
84120, 132, 140, 146, 150, 160, 162, 180, 240,
276, 288 and 300} were calentated and reported
before.[36, 52]. The Reduction potentials (™F;
to "E,) of fullerenes C, (n=60, 70, 76, 82 and
#6) were reported [45]. Four reported reduction
potentials (““E; to £} of fullerenes C, for:
Co are, -1.12, -150, -195 and -241¥,
respectively. [45] The data nf J|r"“rE,,ﬂ.*'j:th,, o=1-4)
for Cy are: -1.09, -1.48, -1.87 and -2.30V,
respectively.[45] The values of ®E,(Valt, n=1-
4y for Gy are: -094, -1.26, -1.72 and -2.13V,
respectivcly.[45] Four vahucs of ®E,(Valt, o=1-
4y for Cgr are: -069, -1.04, -1.58 and -1.94V,
respectively.[45] The ammunts nf *E,(val,
ﬂ=l-4]| fiur Cg are: -ﬂ.ﬁg, -{]35, -1.60 and -
196V, respectively.[45] Scc Table 1. The twenty
calenlated values of the four electron tranmsfer
free energies (AGay t0 AGug) in keal mol’
between p-sulfnnated calix[8)arene 6 and C;, as [p-
suifnnated calix[8larcnc)@[G,] complexes (o =
60, 70, 76, 82 and 86}, by utilize oxidatinn-
reducting equation (Eq.- 1} were shiwn in Table 1.
The relationship between the number nf
carbnn atnms nf’ fullerenes “o™ and the first,
second, third and fourth free energy nf electron
ransfer (AGqm tn AGewy) nf [p-sulfnpated
calix[8Jarene]@[C,] complexes (n = 60, 70, 76,
£2 and 86) are demnnstrated in Fig.-2 tn Fig.-5.
Equations 2 to 5 are related to Fig.-2 to Fig.-3.
They are second-order pnlynnmial equatitins.
The R-squared values (R®) fr these rraphs are:
0.9875, 0.9923, 0.9384 and 0.9473, respectively.

Aoy = =0.023 S(ﬂ)z +
2.9201(n) - 46.240 (Bg.-2)

.de[;} —0(]28()[1])2 +
3.4983(n) - 55.733 (Eq.-3)

AG iy = —0.0025(ny + 0.0125(n) + 72.031 (Eq.<h)
AG gy = —0.0039(n¥ +0.1108&0) + 81.570 (Eq.-5)

By the usc nf cquations 1-5, it is possible w
calculate the values of AGuy to AG,q, of [p-
sulfnnaled calix[8larene]@[C,] complexes (n =
60, 70, 76, 82 and 8&). The twenty caleulaicd
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valucs A-1 to E-4 of the four frec enerpics nf
electron transfer (AGa, v=1-<4) in keal mni"
between  [p-sulfnnated  calix[8]arenc] 6
cnmplexes, were shnwn in Tahle-1. The data of
Fa [ 4 (n=1-4} for | [p-sulfnnated
calix[8larere] @(Ca] (n= Con, Crs, Crs, Cora Cose
CFS& C&h (-'T.fl'ﬂe C}_Ua CM&- CM& CTSH’, Cfﬁﬂ: CM.’:
Can, Crr60 Copz a0d Cipo) Cop (A-1 10 A, C
(B-1 11 B4), Cs5 (C-1 tn C4), Cs; (D-1 1o D-4),
Cys (E-1 10 E~4), Crg (F-1 to F4), Ca, (G-l to
G), Crzp (H-1 to HA), Cpp: (I-1 10 14), Crn (-
I in J4), Cres (K-1 tn K=4), Cp5p (L1 10 L4},
Crso M-1 to M4, Crsz (N-1 to N4), Cogp (0-1
1o D-“],, Cang {P-'l ta P-4y, l::_'-_lzﬁ: {Q'I to Q-4),
Cio (R-1 tn R4)) are predicted by using Egq.-2
0 Eq-5 and the nxidatinn-reductinon equatinn,
Sc¢ce Tablc-Z. The calculated wvalues of the free
electron transfer nf AG. (p=1-4)ifnr [p-
sulfinated calix[8larenc]@[C,] (n = 60, 70, 76,
82 and 86, A-l to E<) were repnrted by
oxidation-reduction equation and Eq.-2 tn Eq.-3
and comparcd m Tablc-2, There were gnod
coherencies between the calculated amnd the
predicted values, In licu 0f increasimg the number
uf carbons at the structures of fullerenes, the
values nf 4Gy, (0=1-4) deoreased. | scems that
the electrtin  transfers getting increase by
incrzasing the electron populatinn at the ©,
structurcs. Table-1 shows that the four reduction
potentials (™E, tw "“E) . incrcased by
increasing the number of carhon atnms at the
fulleremes, These results may return back m
HOMO and LUMO gap of the fullerenes. The
calculated valugs of the free energy nf clectron
transfer af AG.w (0=1-4) for [p-sulfonated
calix[8larene]@[C,] were: decreased by
increasing the numbcer nf carbon atoms and size
nf the fullerenes. It seems that in 2ach nf the
saries nf the four froe cocrey 0f electron transfer
were diminished (because of the limited cavity
size of [p-sulfonated ealix[8]arcne]) by the
increasmng the  distances between two parts of
these complexes (re: [p-sulfonated calix[®]arene]
and C,) and mcrcasine the dimensions of the
fullcrenes, Table-2 bas sbowed that all of the free
clectron wansfer AG.qm (n=1-4} values of [p-
sulfonated  calix[8Jarenc}@[Ca] A-ljto [p-
sulfenated calix[8]arene]eg[Caa] R4 are mimis,
The structures of the supramolecular complexes
which were discussed here, the calculated valucs
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complexes were neither synthesized nor reported

Tablel. The valuss of the fuur reported reduction potennals (¥ £, to ** £, Ref.[45]) uf fullerenes C, (o = 50, T0.

76, 82 and 86) and the values of the free energy nf electron ransfer {AG.) in keal mel™' of the upramelecular of [p-

Sulfonuted Calix[8)arenes @[ C.Jsupramolecular complexes (A-E) complexes by exidatian-reduction equation

i} [p-sulfonated cal[Elarenes)@IC,]* SE | dGm  MEr 4Gt MBS AGa r=E, A ma*
: 1 2 3 4

A [-SC AN g 2 4437 1300 534 (195 434) 241 74.02

B [-SCAMEC -109 | 4358 -l48 5238 187 G157 -2an 7145

C [-SCAY@Cry 454 | #0012 -l26 4750 172 SR 2143 67.57

D [-SCAECrr D69 | 3436 14 4243 58 S488 -l.04 63.1%

E [p-SCA]EChs 058 | L2 085 3005 <60 5534 19 63,65

* The data of the free energy of electron tmnsfer (AG,) for the compounds and their comptexes were nat
reported, previously. The compounds {p-Sulfonated Calix[8]arenes)@[C,] supramolecular cumplexes (A-E} were
netther synthesized nor reported.

Table 2. The values of the free energy of electron transfer (AG.,) 1n keal mol™ of [7-Sul fonated

Calix[S]arenes]@[C,] supramelecular complexes{ A-R} supramolecular complexes. The data of (AG,.,) (voll,

n=1-4) for A-1 o Q4 by using Eq.-2 to Eq.-5 and the oxidation-reduction equation

. e 1e
Id. [p-Sullomnated Calix[#]arenes )@ {Cy] AGr* AG g AGoi* AC ey
1 2 3 4
4437 B 6341 7402
A [p-SCAI@Cer @437 (8337) (63TR) (74.18)
43.58 52.58 61,57 71,45
B [P-SCAKG (43.02)  (5195)  (6065)  (7022)
40.12 47.50 5811 67.57
c [-SCAI@C (39.95)  (48.41)  (8.54)  (67.46)
1436 42.43 54.88 63.18
o [7-SCAEICs: (35.20)  (42.86)  (36.24)  (64.44)
382 38.05 55,34 63.65
E [7-SCAY@Cos GLo8) (3803 (5461)  (62.26)
F [>-SCAY@Crs 18 56 46.79 57,70 66.48
G [7-SCA]@Car 13.23 4056 55.44 63.36
H [2-SCAJ@Crs “3423 23913 3753 38.71
I [-SCAJEC:: 7025 8182 30,12 2825
3 [-SCAJEC 980F  -114.77 24.78 20.64
K [-SCAJEC as (12084 -141.83 20.56 14,62
L [P-SCAJ@C 30 (136,98 -160.99 1765 10 44
M [-SCAJ@C oo -180.62  -212.80 10.03 -0.54
N (0-SCAJ@C.s AR9YL 22384 845 2.83
0 (-SCAJ@Co 69902 82894 6897 -116.48
P [P-SCAJEC iz (103043 122303 -11496  -184.94
Q [P-SCAYECann 15443 137065 13173 -210.00
R (?-SCAJ@C o A2 -152624  -14927  -236.19
203
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Fig.Z. The curve of the relatioaship between the number of carhoa atoms of fullerenes “u” and the first free
energy of electron transfer (AG ) of [p-Sulfonated Calix[8Jareues]@[C,] (n = 60, TIl, 76, 82 and 86),
compounds A to E. [
*The date of the Ffee euergy uf clectrou transfer (AGuqy 12 AG.e) for  [p-Sulfomated
Calix{& Jareues)@[C, | supramolecular complexes (A-R} were nat reported, previpusly. ||: '
**The results in parentheses cuucern to the results of the oxidahan-reduction equation. |
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Fig.3. The curve of the relationship between the mumber of carbon atoms of fullerenes “n” and the second fres
euergy of eleciron ransfur (AG ) af [p-Suifonated Calix[8]arenes)@[C,) (n =61, 70, 76, 82 and 86),

compounds A to E.
|
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Fig.4. The curve of the relatiouship between the wurnber of carhon atoms nf fullerznes “n™ and the third free
energy af electrin transfer (AG, ) of [p-Sulinnated Calix[8]arencs]@[C,] (a = 60, 71, 76, 82 and %6).
campounds A to E, |
204
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Fig.5. The curve of the relationship between the number of carbon atnms nf fullerenes “n™ and the furth free
energy of electrn transfer (4G ) of [p-Sulfonated Calixf8]arenes|@{C, ) (n = 60, 70, 76. 82 and 26),
compounds A 10 E.

CONCLUSION

The p-sulfonated calix[n]arenes and fullercnes
have impartant physicochemical properiies. The
four free energy of electron transfer data of [p-
sulfonated calre[8larene]@[C.] (o = 64, 70. 76,
82 and 86, A-1 to E-4) were caleulated here
(AGuryy to Alrgw) as assessed using the
oxidation-reduction Cquatinn. The 72 calculated
values of (AG.q) to AT ) for A-1 to R4 were
calculated by using the oxidation-reduction
equation, Using the number of carhon atoms (n)
to the product the equations of the model can
derive sound structural celationships between the
aforementioned  physicochemical data, By
utiliang the equatians of this model, can
calculate in good approxmmation the 4G to
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