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Electronic absorption spectra of charge-transfer complexes
and effects of substituents in radical cations
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The effects of X substituents on the energies of charge-transfer bands hvgrt in electronic
absorption spectra of charge-transfer complexes of n-, n-, or ¢-donors (DX) with n- or
o-acceptors (A) as well as on the ionization potentials /g of individual DX molecules are
described by the equation Avep(/p) = a + bo; + cog* + do,. When DX and A are fixed, the
inductive (bo)), resonance {cog™), and polarization (doy) contributions to Avcy and [ are
virtually identical. The electronic structure of the D™ *X donor component of the compact
(A" ", D"*X] radical-ionic pair in a solution is simifar to that of the radical cation generated
upon photoionization of the individual DX molecule in the gaseous phase.
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effect, conjugation, polarizability of substituents.

Electronic absorption spectroscopy of charge-transfer
complexes formed by neutral DX and A molecules
(etectron donors and electron acceptors, respectively)
has long been used in studies of the effects of the X
substituents bound to the donor center D (see, for
example, Refs. 1—8).

The contribution of the A...DX structure with a van
der Waals interaction prevails in the ground electronic
state of charge-transfer complexes [A. DX], whereas the
contribution of the A ~—D " "X radical-ionic structure
with complete electron transfer from DX to A is domi-
nant in the excited state [A"~, D" *X].! The energy Avcy
of electron transition corresponding to a charge-transfer
band in absorption spectra of charge-transfer complexes
is related to the ionization potential (IP) of the DX
donor by the following equation

hVCT;'G[D"‘b. (1)

The validity of linear dependence (1) was confirmed
many times by comparing the /p and Avcr values for
complexes containing diversified DX and A mol-
ecules.1-2.7.8

Recently, we have examined the effect of the X
substituents on the vertical ionization potentials fp of
the molecules of the R.X (R, is an aromatic or
heteroaromatic ring; a double or triple bond)?!? and
SX, series. I’ The predominant localization of the high-
est occupied molecular orbital (HOMO) on the R,
fragment or on the S atom and. consequently, the
formation of radical cations of only two types, viz,
R, "X and S *X,. on removal of an electron from the
HOMO was provided by choosing particular X substitu-
ents. In the Hammett—Taft correlation approach, the
effects of the X substituents on the ionization potentials
are described by the following equations:

Ip = ¢ + doy + kop™ + lo, (2)
and
Ip = ¢+ mo,™ + lo,. 3)

where ¢ is the ionization potential /p when X = H, o} is
the universal induction constant of the X substituent,
or” its resonance parameter, characterizing conjugation
in the presence of a positive charge on the radicai-
cationic center, and ¢, is the polarization constant:
o," =0y + og". The d. k. [. and m coefficients depend
on the type of the radical-cationic center.8—11

It is of prime importance that the effect of the X sub-
stituent on the IP is not reduced to the inductive effect
and conjugation. A dipole is induced in the polarizable
X substituents under the effect of the positive charge
localized on the radical cations R,"*X and $°*X,. In
this case, the charge is stabilized by the cation-dipole
electrostatic attraction. In the Hammett—Taft approach,
this attraction is quantitatively characterized by the o,
constant.!2 The inductive (do;), resonance (kog*), and
polarization (/o,) contributions to the total change in the
I value under the effect of the X substituent (Eq. (2))
are comparable 9~ 11

The existence of linear dependence (1) between hvcey
and /I suggests that the effect of the X substituents on
Aver is also not reduced to the inductive effect and
conjugation. In spite of this, the polarization contribu-
tion to Aver, as far as we know, has not yet been taken
into account. The aim of this work is to reveal the
quantitative relationship between the energy of the
charge-transfer bands Aver and the properties of the
substituents in charge-transfer complexes containing do-
nors and acceptors of different nature with the use of a
procedure developed for the analysis of IP.
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Calculation procedure

The energies hvcy of electron transitions corresponding to
the charge-transfer bands in the spectra of 13 series of charge-
transfer complexes containing DX and A molecules were exam-
ined (Table 1). In studies of the effect of the X substituents on
fver, it is necessary that the acceptor molecule A (tetracyano-
ethylerte (TCE), trinitrobenzene. hexacyanobenzene, or iodine)
and the type of the donor center D in each series /[—X/// should
be the same. The highest occupied MOs of all DX molecules
(except for X = H) consist of the orbitals of the subsvstems D
and X. The character of the donor center D can be considered
as typical if its orbitals make a predominant contribution to the
HOMO of the DX system. Because of this, 2 sample in each
series /—X/!/ involves only DX molecules for which the pre-
dominant contribution of the orbitals of the D subsystem to the
HOMO has been established previously by several independent
methods (photoelectron spectroscopy. quantum-chemical cal-
culations. and studies of the spectra of charge-transfer com-
plexes).2=23 {n series —VI[ and X//, D is an aromatic ring; in
Vi, D is the o Si—Si bond; in /X—X/, D is a triple bond: and
in X711, D is the sulfur atom. Consequently, according to a
standard classification,!? the charge-transfer complexes of se-
ries [— V1! and X/Ibelong to the n,x type. and the complexes of
series VI, IX—XI, and X{// belong to the o,r, n,6, and n,x
types. respectively.

For series /—VIIl, we analyzed the ionization potentials /py
of the individual DX molecules along with the Aver values
{Tables 2 and 3). This makes it possible to compare the effects
of the X substituents on two independent characteristics, viz.,
on #ver and /p, and thereby to compare the effects of the X
substituents in the radical-cationic D" X species formed in the

Table 1. Series of the charge-transfer complexes under study

Series Donor DX Acceptor A Solvent
/ C()st (NC)zCEC(CN)z CHzclz
" CgHsX 1.3.5-C¢H3(NO;);  CCl,
1 CyHsX Ce(CN)e DX*
X

i (NC),C=C(CN);  CHyCh

X
e

(NC)Zc=C(CN)2 CH:C!:

vi @x (NC),C=C(CN);  CH,C},
vir )« (NC),C=C(CN);  CHyCl,

S
1171 X;SlSlX} (NC)2C=C(CN)2 CHIClZ
X Me;CC=CX I CcCL
X Me;SiC=CX i CCly
X7 Me;GeC=CX I CCl,
Xi 1,4-Me;NCH X 1,3.5-C¢H;3(NOy);  CHCl,
Xl 1,4-CISC¢H X (NC),C=C(CN), CH,C1,

* CH,ClI, for the charge-transfer complexes with the partici-
pation of DX = C4HsCgHjs (see Table 2, compound 5).

excited state of the charge-transition complexes [A°~, D" "X}
in solutions as well as in those formed upon photoionization of
the individual DX molecules in the gaseous phase (conditions of
measurements of /g by photoelectron spectroscopyl®21). For
the DX donor molecules of series [X—X///, complete sets of the
Ip values, which could be related to the Avey values in the
spectra of charge-transfer complexes formed from DX and A.
are lacking. Hence, only the effect of the X substituents on the
hver values was considered for the latter series (Table 4). In
spite of this. series /JX— X/I/ attract interest from the standpoint
of an increase in the number of the studied types of DX and A
compounds and elucidation of the generality of the concepts of
the effects exhibited by the X substituents in the D" *X radical
cations, which are being developed based on the data for
series /— V111

The main purposes of this work were as follows: verification
of the validity of Eq. (1) for series /— VI, analysis of the pos-
sibility of representing Avcr as a function of two arguments (G
and og™) and examination of the validity of introduction of the
third argument, vig., ©4 separation of the effect of the X
substituents on Aver and /p into components; quantitative
comparison of the effects of the X substituents in the radical-
cationic forms D~ *X prepared from individual molecules (gas-
eous phase) and those in charge-transfer complexes (solutions).
Correlation equations were found with the use of the standard
STATGRAPHICS 3.0 program package on a PC/AT 286 com-
puter. The data were processed by the least-squares method at
the 95% confidence level.

Results and Discussion

For charge-transfer complexes of series /—V/I1/, the
linear dependences between hver and /p are fulfilled
(Table 5). For the ranges of the changes in the Avcy and
/p values given in Table 2, the straight lines described by
Egs. (4), (7), and (8) virtually coincide with that de-
scribed by the equation

fver = 0.831p — 4.42. (12)

for charge-transfer complexes of various benzene deriva-
tives?3 with TCE. The straight lines described by Egs. (9)
and (10) coincide with that described by the equation

hver = 08191 — 4.46 (13)

for charge-transfer complexes of derivatives of ethylene,
acetylene, and heteroaromatic n donors?? with TCE.
Straight line (11) is shifted with respect to lines (12) and
(13), which are nearlv parallel to line (11), toward
higher Avcr values. This is indicative of steric hindrances
upon formation of charge-transfer complexes of X3SiSiX;
with TCE.23 These hindrances result in an increase in
the length of the donor-acceptor bond as well as in an
increase in the Avcr value. The fact that straight lines
{11) and (12) are nearly parallel to one another indicates
that the steric factors in compounds of series V/1/ are
nearly identical. Therefore, Eq. (1) is valid for all com-
pounds of series /— V/!{ under study.

Let as consider the effect of the X substituents on the
energies of the charge-transfer bands Avcy. Assume that
only two parameters (inductive 6; and resonance op*) of
the X substituents affect the Avey value. Calculations
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Table 2. Energies of electron transfer (Aver/eV) in the charge-transfer complexes, the ionization potentials (/p/eV), and the o
parameters of the X substituents for series [— VI/

Com- X ! il 1 v 4 VI Vil o  og" 6,
pound* hver IDg }’VCTlle'S /.NCTls/DlS hver ,Dlo hVCT‘,/D‘“o h"crg IDmh"CTwle

1 H 3227 924 438 924 3.55 924 22357 812 .73 7.43 276 8.89 2.77 8.87 0 0 0
2 Me 2917 872 407 872 3.25 872 2117 7.85 1.35 7.25 239 837 248 843 -0.05 ~0.26 —0.35
3 pPr 2993 873 - — - - - - - - - - = = =003 -0.25 -062
4 But 2.747 874 - — - - - — — — 238 819 245 8.32 ~0.07 —0.19 -0.75
5 Ph —~ — 3535832 253832 - —~ 159 718 —~ -~ — — 012 =030 038}
6 CH,0H —_ - = = - - - - 173747 - -~ — — 0.03 -0.07 -0.36
7 CH,CI 32083 927 —~  — - - - - - - - — — = 0.3 -0.14 —0.54
3 CH,Br 3253 923 —~  — - - - - = = - - = = 014 ~0.12 ~0.61
9 NH, 2.107 8.05 3.10 805 <~ — 18117 748 — — - - — -~ 0.08 ~1.38 -0.16
10 NHMe 1.947 765 — — - - - T - - - — =003 -1.78 -0.30
11 NMe, 1.847 7.45 256 745 188 745 — - - = - - = = 0.15 —1.85 -0.44
12 NEi, - — 240 720 - ~— - - - = — - = = 001 -208 -0.36
13 OH 2547 8356 353 856 — — 1967 778 — — — - = = 033 -1.25 -~0.03
14 OMe 2,467 842 352 842 272 842 188V 770 165 721 — — 216 818 0.29 —1.07 —0.17
15 F 34513 920 433 920 — - - - - - - - = = 043 —052 0.13
16 C! 3.087 9.07 -~ — —  — 2.28Y 813 1.74 746 -~ — 269 889 042 —031 ~043
17 Br 3.057 904 —~  — — = 227V 809 1.74 747 — — 264 882 045 —030 —0.59
18 CN 3837 971 —  — - - — — 201 782 — — — — 051 015 -046
19 CHO - = - = - - - - 1990 769 310 921 — — 033 040 —046
20 COOH 3357 960 —~ — - - - - - - - - = — 034 0.08 -0.34
21 COOMe — = = = - - — 184748 — — — — 034 0.4 049
22 CF; 3.7813 986 — — - - - - - = - - = = 038 023 -025
23 NO, - - - = - - - — 203 7.88 - - = = 0.65 0.14 —0.26
24 SiH; 3227 918 -~  — —  — 2248 802 -~ —~ 258875 — -~ ~—004 003 -0.359
25  SiHMe, - - - = - - - - - — 255862 — — =012 002 -068
26 SiMe; 2925 894 — — —  — 213% 792 ~ — 253 848 234 864 —0.15 0.02 —0.72
27 Si(OEL; - = = = - - — — - — 267 866 — — —0.10 0.11 -063
28  GeMey 2,905 895 - - — — 2128 788 — — 248 847 2.52 852 —0.11 —0.11 -060
29 SnMe; 2,785 875 — — —  — 2118 787 —~ ~ 236 833 249 849 —0.13 —0.21 -0.60
30 PbMc; 2605 834 — - - - - - - = —  — 247 846 —~0.12 ~0.26 -0.60
3t CH,SiMe; 235014 842 — — —  — 1958 767 — — 226 815 — — ~0.05 ~049 —0.66
32 CSiMey); 2341 810 —  — - - - e - - - — ~-0.05 —-063 ~-1.28
33 CH,GeMe; 2434 g§40 — - — - 1908 761 - — - - ~ — =004 059 ~0.61
34  CH,SnMe; 2,174 821 —  — - - 1L7MmB 740 - - -~ - = — —005 076 -0.6!

Note. The o and 6, values for all substituents and the og“ values for the organic and organometallic substituents for series / were
taken from the literature.®'2 The g~ parameters for the organometallic substituents for series 7/, V1, and V{I were taken from the

literature.10
* Here and in Tables 3 and 4. different arbitrary numbering schemes of the compounds are used.

Table 3. Energies of electron transfer (Aver/eV) in the charge-
transfer complexes, the ionization potentials (/p/eV), and the
sums of the o parameters of the X substituents in X;SiSiX;
(series VIiD

Table 4. Energies of electron transfer (Avey/eV) in the spectra
of the charge-transfer complexes (series [X—X/1])

Compound* et Ip Io; Sop"T  Z0q Compound® X X X Xf XIt Xl
Me;SiSiMes (1) 295 86931 —030 -136 -2.10 1 H - - - 252 23R
Et,SiSiEry (2) 269 83921 —0.30 -1.50 —294 2 Me 428 445 425 242 223
BuMe,SiSiMe; (3) 289 83570 —030 ~1.55 -232 3 Bu' 422 434 425  —~ -
BuMe,SiSiMe,Bu (4)  2.80 84520 ~0.30 -1.54 -2.54 4 CHOH — — — 251 -
Me;SiSiMe,OF! (5) 3.03 8.75% 001 -237 —-198 5 CH,Cl 459 462 4352 -  —
Me:SiSiMe,Cl (6) 328 9.08% 017 -161 —2.18 6 NH, - - = 22 -
BuMe,3iSiMe,Cl (7) 326 9.052  0.17 —1.60 —2.40 7 OMe - - — 235 216
Me;SiSiMeCl, (8) 3.57 9.48% 064 -~166 -226 8 cl 428 443 446 257 231
CiMe,SiSiMe;Cl (9) 3.60 9.48%  0.64 —166 —2.26 9 Br 422 434 443 256 —
Me,SiSiMe,SiMe, (10) 258 8.1921 —0.40 —1.28 —247 10 NO, - - = = 243
Me;SiMe,Si— | Series IX—XJ. X1, XIfl accordin
SiMe,SiMe; (1) 238 7.9881 —0.50 —1.00 —2.84 (Z",'f;cf;;;fd;‘?;i’z"zfaﬁiifcfvﬂ? Al *

Note. See the note in Table 2. * Sce the reference in Table 2.
* See the reference in Table 2.
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Table 5. The a and b coefficients for the equation Aver =
alp — b, the standard deviations .S, and S}, the standard errors
of approximation Sy, the correlation coefficients 7, and the size
of the sample n

Series @ b S, Sp Sy r n Equa-
tion
! 0.87 477 0.04 034 011 0977 26 (&)
' 1.00 488 006 049 0.12 0988 9 (5
ar 098 3543 011 092 0.14 0982 5 (6
v 0.78 404 004 034 004 0982 14 (D
4 0.66 314 006 042 004 0968 1! (8)
Vi 0.7z 3.57 006 034 0.06 0967 11 (9
vit. - 0.65 3.0 0.09 074 006 0934 10 (10)
il 0.80 396 0.00 0.2 0.02 0999 11 (iN

demonstrated that under this assumption, the correlation
coefficient r in the two-parameter relations

hVCT = + dO'] + kGR+ (14)
depends substantially on the type of the series. For
example, a good correlation dependence (r = 0.996) is
observed for series X//, whereas the correlation is absent
completely (r = 0.000) for series X. For the remaining
series. the correlation coefficients are intermediate be-
tween the r values for series X and X//.

Let us further assume that the energy Avcr, like the
ionization potential /p, depends on the polarization
parameter o, of the X substituent (Table 6).

On going from two-parameter Eq. (i4) to Egs.
(15)—(35). the statistical characteristics of the correla-

tion equations are substantially improved in all cases.
Thus the correlation coefficient » increases, while the
standard deviations of the coefficients ¢, 4, k, and / and
the standard error of the approximation Sy decrease.
This situation is most pronounced for series X and X//.
Thus, the correlation coefficient r for compounds of
series X increases from 0.000 to 0.994. For series X//, the
coefficient r, which is very high (0.996) even in the case
of Eqg. (14), increases still further (see Table 6).

From Egs. (13)—(35) it follows that, like the ioniza-
tion potentials /p of the individual DX molecules (series
I—-VIID), the energies of the charge-transfer bands hvcr
in the electronic absorption spectra of charge-transfer
complexes formed by the DX and A molecules (series
I— X/l depend on the inductive, resonance, and polar-
ization effects of the X substituents. The contributions of
doy. kog*, and /o, 1o the total changes in the Aver and
Ip values under the effect of the X substituents depend
on the series (Table 7). Series /— V11I each allows one to
compare the above-mentioned contributions to hvc
and f[p. The data given in Table 7 indicate that the
corresponding contributions to svcet and [ surprisingly
coincide within the experimental error. (The largest
discrepancy between the inductive contributions to Ave
and /p is observed for series //1.)

The fact that the contributions to the Avcy and /fp
values are equal in each series /— V7! signifies that the
effects of the X substituents in the radical-cationic forms
of two types are identical. The D~ *X radical cations of
the first type exist in the gaseous phase and are formed
upon photoionization of the individual DX molecules.
In this case, an electron is removed from the HOMO

Table 6. The c, 4, &, and / coefficients for the equations Av(/p) = ¢ + doy + kog™ + lo,, the standard deviations
Se. S84 Si, and S), the standard errors of approximation Sy. the correlation coefficients r, and the size of the

sample n
Series  Property c d k { S, Sq Sk S; Sy r n Equation
! Aver 328 0.86 08! 036 008 015 005 0.42 0.14 0.963 26 (15)
In 933 086 094 046 006 0.2 0.04 0.10 012 0.981 26 (16)
11 hver 445 034 082 078 0.08 026 005 015 0.1) 0989 9 A7)
In 925 035 075 095 005 0.6 003 009 0.06 099 9 (18)
s hver 364 000 070 1.03 011 000 009 022 0.13 0979 3 %
o 926 055 080 094 003 016 003 006 0.03 0999 5 (20)
v hver 228 040 039 014 003 006 002 005 004 0977 14 2nh
v 814 059 050 02 003 005 002 005 004 00988 14 (22)
Vv hver 175 0.49 022 020 004 007 004 007 0035 0949 Il (23)
In 748 064 038 031 006 011 006 011 0.08 0945 Il Q4)
vi hver 273 073 069 034 005 017 009 009 0.06 0.969 11 (25)
Ip 889 064 105 065 002 0.08 0.04 004 0.03 0.9% 11 (26)
vir ver 275 0357 062 029 004 009 006 007 0.05 0957 10 (27)
I 887 1.05 087 041 001 003 002 002 002 00998 10 (28)
vire hver 369 084 000 027 003 008 0.00 011 009 0971 i (29)
I 948 108 000 029 035 011 000 015 0.2 0970 It (30)
X hver 530 043 297 065 000 000 001 000 0.00 1.000 5 (30
X hver 521 025 202 063 004 003 0142 005 001 09% 5 (32)
XI Aver 483 0635 1.7t 029 005 0.04 015 006 002 0992 5 (33)
Xl hver 252 032 024 0.05 001 003 001 003 001 0997 7 34)
Xl hver 232 0.17 0.8 0.07 001 002 0.01 004 001 0993 5 (35)
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Table 7. Inductive (dg;}, resonance (kog*). and po-
larization (/64) contributions (%) to the total changes
in Aver and fp under the effect of the X substituents

Series Propeny do kog* log
/ ver 214 61+4 18%6
Io 1822 6243 20+4
1 hver 6+3 6614 2845
Io 10+3 57+2 3343
i Mver 0 6148 3948
Ip 8§x2 612 312
w hver 27+4 6243 14
Ip 28£2 57+2 1543
% ver 4126 3947 2047
Io 3616 a4+7 207
VI Aver 3348 436 2446
In 243 46x2 33%2
vii hver 2544 5946 16+4
Io 301 5541 151
Vi rveT 7927 0 2149
Iy 8148 0 19110
X hver 220 51%0 27+0
X hver 1852 4743 3343
Xl hver 453 3943 16£3
Xii hver 3113 633 63
Xl ver 324 603 8+5

localized predominantly on the donor center D. The
D *X radical cations of the second type exist in solu-
tions as fragments of the radical-ionic pairs [A"~, D" *X],
which are formed when charge-transfer complexes are
transformed from the ground to the excited state. In this
case, an electron is transferred from the HOMO of the
DX donor to the LUMO of the A acceptor, which are
weakly bound together in the ground electronic state [A,
DX] of charge-transfer complexes.

The similarity of the radical-cationic forms of two
types is attributable to the characteristic features of the
excited state [A" 7, D~ *X] of charge-transfer complexes
formed in the course of reversible processes:

/NCT .-
A+ DX =+ [A. DX] =—— [A ., D *X].

Based on the data of puise picosecond (1 ps =
10712 5) spectroscopy.2423 the transformation from the
excited to the ground state [A, DX] occurs very rapidly
(the rate constant is 108—10!! 57!y in the "compact”
radical-ionic pair [A"~, D" *X] without insertion of the
solvent between its components. From the aforesaid, it
might be assumed that the cationic component D *X of
the ionic pair {A°~, D *X] is analogous in electronic
structure to the radical cation formed upon photoioniza-
tion of the individual DX molecule. The similarity of the
effects of the substituents in the radical-cationic forms
DX of two tvpes, viz.. those generated from isolated
DX molecules and from the ground state [A, DX} of
charge-transfer complexes. is circumstantial evidence in
support of the above-mentioned suggestion.
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