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The geometries and the static dipole (hyper)polarizabilitiess( y) of a series of aromatic anions were
investigated at the ab initio (HF, MP2, and MP4) and density functional theory DFT (B3LYP) levels of
theory. The anions chosen for the present study are the benzenethiola® jPbenzenecarboxylate (Ph
C0O,), benzenesulfinate (PH50;,7), benzenesulfonate (P180;7), and 1,3-benzenedicarboxylate (1,3-Ph
(COy)?). For benzenethiolate anion, additional3, andy calculations were performed at the coupled cluster
CCSD level with MP2 optimized geometries. The standard diffuse and polarized-6{8]p) basis set was
employed in conjunction to the ab initio and DFT methods. Additional HF calculations were performed with
the 6-31H1-+G(3d,3p) basis set for all the anions. The correlated electric properties were evaluated numerically
within the formalism of finite field. The optimized geometries were analyzed in terms of the few reports

about the phenolate and sulfonate ions. The results show that electron correlation effects on the polarizabilities

are very important in all the anion series. Was found that®@, is highly polarizable in terms ak and
B, and the PRS™ is the highest second hyperpolarizable in the series. The resultsvefe rationalized in

terms of the analysis of the polarization of charge based in Mulliken atomic population and the structural
features of the optimized geometries of anions, whereas the large differencesfiratioe’ values in the

series were respectively interpreted in terms of the bond length alternation BLA and the separation of charge
in the aromatic ring by effects of the substitution. These results allowed us to suggest the benzenesulfinate
and benzenethiolate anions as promising candidates that should be incorporated in ionic materials for second

and third-order nonlinear optical devices.

1. Introduction The presence of polarizable organic ions (strong electron

The experimental method used to study the optical second-donor or acceptor) in crystal and solution has become an
order nonlinearities of ionic species is the hyper-Rayleigh important strategy of research in nonlinear optics, mainly in
scattering techniques in solutidrThe study of properties of ~ Problems of second-order and third-order effects characteriza-
aromatic anion species is of fundamental importance to under-tion7 In particular, highly polarizable aromatic anions such
stand the relationships between proton transfer in self-assembled®s thiolates and carboxylates could be interesting candidates that
monolayers on metal surfaces and nonlinear optical propertiescan be incorporated in either polymer matrix or extended
in solutior? and in crystal$. However, the study of properties ~ Systems for nonlinear optical applications. In this context, we
of isolated anions is only possible by quantum mechanic have started a theoretical research program with the aim of the
methodst Despite the importance of the charged aromatic characterization of the structural and electronic properties of a
species, that can be present in many physical and chemicaiseries of important (poly)aromatic (poly)anions, based on the
phenomena, few reports have been published dealing with Presence of negative polarizable entities such as $, 6Q,
aromatic anion propertiés$ and little is known about the ~ and SQ. In the present work, we report a theoretical ab initio
performance of the standard theoretical methods for the and density functional theory DFT study of the geometric
characterization of the structural, spectral, electronic, and structures, charge distribution, and static (hyper)polarizabilities

response properties of these anions. (dipole polarizabilityo., first hyperpolarizabilitys, and second
hyperpolarizabilityy) of a series of isolated aromatic anions

T Laboratorio de Qumica Inorgaica T€aica, La Universidad del Zulia. _ - _ _ _ _ ]
+ UMR-CNRS 6200. such as @Hs—G, with G=(S-, CO,, SO, SG;7) and 1,3

8 Laboratorio de Electmica Molecular, La Universidad del Zulia. CeHs—(COy)7%, which will be referred as benzenethiolate (BT),
EUnivers_it’ed’Angers. benzenecarboxylate (BC), benzenesulfinate (BS), benzene-
The University of Manchester. sulfonate (BSO), and 1,3-benzenedicarboxylate (BDC), respec-

* Corresponding authors. Humberto Soscun: Tel: 58 261 7 317902; . . .
Fax 58 261 7 311348; e-mail hsoscun@yahoo.es. Olga Castellano: Tel 5gtively. The a, 5, andy properties were evaluated within the
261 7 317902; Fax 58 261 7 311348; e-mail olga_castellano@yahoo.es.finite field formalism by using energy differences. Additionally,

10.1021/jp051136s CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/26/2005
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CCSD coupled cluster higher level of theory is employed for

the study of the BT anion properties, and the corresponding

results are compared with those from other levels of theory.

The calculated electrooptical properties of the series of aromatic
anions are analyzed in terms of the structural and electronic

variations in the aromatic ring due to the effects of the negatively
charged G substituents.

2. Theory and Computational Methods

The total energy of a molecular species that interacts with

an external electric field can be represented as a power series

in terms of the components of the electric fiéld:
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whereE(0) is the energy of the isolated system anduj, Sik,

and yji are the components of the dipole moment, dipole
polarizability, first hyperpolarizability, and second hyperpolar-

izability tensors, respectively. We have evaluated these inde-
pendent components at static regime for the studied anions by

using numerical finite field FF methodsand four invariants
of experimental importance were obtained with the formulas
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where tave fvee S222(HRS), andyave are the average of the
dipole polarizability, vector of first hyperpolarizability, dominant
component of the hyper-Raighley scattering first hyperpolariz-
ability, and the scalar part of the second hyperpolarizability,
respectively.

The geometries of the studied aromatic anions, whose
structures and label notation are shown in Figure 1a, were fully
optimized at HF/6-31+G(d,p), HF/6-31%++G(3d,3p), MP2/6-
31+G(d,p), and B3LYP/6-31+G(d,p) with the Gaussian 98
programi® Symmetry restriction was used for these optimiza-
tions (see Figure 1). To evaluate the convergence of the
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Figure 1. (a) Molecular geometries, geometric parameter labels, and
orientation axis of the studied aromatic anions. (b) General schematic
structure for organostannylarylazobenzecarboxylates.

98 package and using default finite electric fields from each
program. The electric field intensity used for the Gamess
calculations are on the order €f0.010 au, while the corre-
sponding for the Gaussian program are on the ordet@®015

au. To test the finite field method employed in this work, we
also evaluated the (hyper)polarizabilities of the aromatic anions
with the analytic time-dependent-Hartreleock (TDHF/6-
31+G(d,p)) method as implemented at the GAMESS program.
These TDHF calculations are coincident with those from HF/
6-31+G(d,p) finite field ones. For the HF and correlated
hyperpolarizability calculations performed with Gamess and
Gaussian packages, the accuracy of the energy was chosen to
be of 1.0x 1078 au. Consistency between the set of results of
hyperpolarizability values from MP2 and MP4 (from Gamess
with field intensities of £0.010) and from B3LYP (from
Gaussian with field intensities a£0.015) was found, where
the dependence of these results in terms of the electric field is
negligible at the level of the used intensity. In fact, we are
confident that the present finite field calculations are able to
give accurate values for the (hyper)polarizability of aromatic
anions. Additional CCSD/6-32G(d,p) hyperpolarizability cal-
culations were computed with the Gaussian program for the
benzene thiolate PAS™ anion. These CCSD calculations were
performed in order to test the performance of the ab initio and
DFT methods in the theoretical evaluation of the (hyper)-

geometric results with respect to the employed methods and

basis sets, the root-mean-square (rms) was calculated for eac

set of bond Iength values of each anion structure. The rms values& Results and Discussion

are reported in the corresponding tables of the optimized

geometric parameters in the section of results and discussion. 3.1. Optimized Geometries.The benzenethiolate species
The (hyper)polarizabilities were calculated by using numeric CgHs—S™ (BT) is the anion of the aromatic benzenethiogig—

finite field method from the energy differences at the HF/6- SH). The thiols are compounds that are able to interact with

I;?olarizabilities of charged species in the gas phase.

31+G(d,p), HF/6-31%+G(3d,3p), MP2/6-31G(d,p), and
MP4/6-3H-G(d,p)//IMP2/6-3%G(d,p) with the GAMESS
program and the B3LYP/6-31G(d,p) ones with the Gaussian

metal surfaces to form self-assembled monolayers (SAf/s).
Experimentally, it has been shown that benzenethiol can be
adsorbed in metal surfaces through the S atom to give an
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TABLE 1: Optimized Geometric Parameters of [CHs—S]~, [CeHs—CO,]~, [CeHa—(CO2)1]%~, [CeHs—SO;]~, and [CeHs—SO;5]
with the MP2 and B3LYP Methods the 6-3HG(d,p) Basis Set

[CeHs—S]™ (BT) [CeHs—CO,] ™ (BC) [CeHa—(CO)2)* (BDC) [CsHs—SO] ™ (BS) [CHs—SO5] ™~ (BSO)
MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP
Bond Lengths/A
a 1.735 1.750 1.543 1.553 1.544 1.551 1.666 1.691 1.809 1.830
1.5%
b 1.420 1.424 1.401 1.402 1.403 1.404 1.432 1.432 1.395 1.396
1.5¢
b 1.406 1.408 1.399 1.400
c 1.395 1.395 1.397 1.398 1.398 1.399 1.387 1.388 1.398 1.400
1.3%
c 1.406 1.408 1.395 1.396
d 1.401 1.403 1.399 1.403 1.398 1.399 1.406 1.408 1.398 1.398
1.33
d 1.403 1.404 1.400 1.401
e 1.084 1.087 1.082 1.086 1.083 1.086 1.082 1.084 1.082 1.085
¢ 1.081 1.084 1.082 1.086
f 1.086 1.090 1.085 1.089 1.088 1.092 1.086 1.089 1.084 1.088
f' 1.544 1.551 1.084 1.088
g 1.084 1.088 1.084 1.088 1.083 1.086 1.083 1.086 1.084 1.088
h 1.267 1.259 1.275 1.269 1.530 1.540 1.490 1.492
117
h 1.268 1.261 1.491 1.492
rms 1.334 1.339 1.293 1.296 1.323 1.324 1.350 1.357 1.344 1.348
Bond Angles/deg
ab 122.5 122.3 120.7 120.8 119.3 119.4 120.9 120.7 120.5 120.6
121.¢
ab 122.1 122.3 119.2 119.6
bb 115.0 115.3 118.6 118.4 118.2 118.5
119.¢
bb 118.6 118.3 120.0 119.8
bc 122.6 122.2 120.8 120.9 120.3 120.5 119.9 119.7 119.9 120.0
117.¢
b'c 121.6 121.9 120.0 120.1
be 117.8 117.8 117.5 117.3 117.8 117.5 118.9 119.0 118.3 118.3
b'e 119.2 119.0 119.1 1191
ce 119.6 119.9 121.7 121.7 121.9 121.8 121.2 121.3 121.7 121.7
ce 119.2 119.0 120.9 120.8
cd 120.9 1211 120.3 120.1 120.5 120.2 122.1 122.1 120.3 120.2
124.¢¢
cd 118.6 118.3 120.2 120.2
cf 119.2 119.2 120.0 120.0 119.7 119.8 118.2 118.3 119.8 119.8
cf 122.1 122.3 119.8 119.8
df 119.9 119.7 119.8 119.8 119.7 119.8 119.7 119.6 119.9 120.0
df’ 119.3 119.4
ah 115.2 115.4 115.7 115.8 117.8 117.8 103.6 104.0
aH 116.5 116.8 114.6 114.5
f'h 115.7 115.8
f'h’ 116.5 116.8
hh 129.5 129.2 124.4 124.3
126.4
hh 127.8 127.3 114.2 113.9

aExperimental from X-ray crystallographic data for trbutylstannyl-2[4(diethylamino)arylazo]benzenecarboxylate compdumtie rest of
geometry optimizations are reported as Supporting Information.

adsorption complex that is able to dissociate to the BT afion. are reported in Table 1. We will also compare these optimized
A great variety of theoretical reports have been published with parameters with the reported geometry of the oxygenated
information about the geometric features of the BT adsorbed analogue of BT, the phenolate ani¥nAt the HF level, the
on metallic structures+'5However, detailed information about  6-314+-G(d,p) (A) and 6-31%+G(3d,3p) (B) basis sets have
the accurate structure of the isolated BT anion has not beenbeen used for the optimizations of BT, symmetry), and the
reported so far. corresponding €S (a) bond length (reported as Supporting
In the present work, we are interested in the study of the Information) varies between 1.757 and 1.750 A, where the effect
structural and electronic properties of the isolated aromatic of the basis sets reduces this bond in 0.007 A. Likewise, a further
anions, and for this reason we have carried out fully optimiza- reduction to 1.735 A occurs in this bond when the MP2
tions of the geometry of the ionic species at different levels of correlation effect is taken into account. Nevertheless, the DFT:
theory for the calculations of the response properties. In Table B3LYP correlation effect increases this bond to 1.750 A, and
1 are reported the main results of the MP2/6+&l(d,p) and all these values of the-€S bond in BT lie in the range of the
B3LYP/6-31+G(d,p) optimization of the geometric parameters partial CS double bond, like in thiophene molecule. It is
of all the series of studied aromatic anions according to the important to note that when the BT is bonded to Au cluster
labels of Figure 1a. Additionally, the values of the rms for the surfaces, the €S bond distance increases in the range of
optimized bond lengths at the different methods and basis sets1.740-1.790 A, and the character of double partial bond is
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SCHEME 1 and the larger discrepancies are for geometric parameters
involved in the carboxylate region, where the theoretical
@; s (B3LYP) C=0 bond length and the ©C=0 bond angle are
0.8 A and 3 shorter than in the crystal, respectively.

The substitution of the negative $0and SQ~ groups in
reduced by coordination effectsThe CC p andc parameters) the phenyl ring leads to the formation of the benzenesulfinate
bond length show that due to the substitution by-#& anion, (BS) and benzenesulfonate (BSO) anions, respectively. These
the geometry of the benzene ring is derived to the quinoid species can be formed by the exposition of thiol SAMs adsorbed
structure according to the differences in the CC double bond on Au metal surface to air, where the oxidation of the S atom
distances as shown in Scheme 1. In general, the results showcan occurd® For these aromatic anions, the only structure
that electron correlation increases the CC bonds in BT anion. theoretically known is that of the isolated BSO anion, which
For these optimized bond lengths of BT, the corresponding rms has been calculated with DFT methods with the BLYP and

values at the HF, MP2, and B3LYP methods lie in the range B3LYP hybrid approaches in conjunction with 6-86(d,p)
1.329-1.339, and it can be observed that electron correlation standard basis s&t,and no report has been published so far

increases these rms values for the BT structure. for the structure of the BS anion. Table 1 displays the results
With respect to the optimized bond angles, the predicted of geometry optimization withC,, symmetry for BS and Cs
internal CCC (bb) angle of the ring varies from 115(8t HF symmetry restriction for BSO. The theoretical values found in

level with the 6-3%G(d,p) basis set) to 115.@at MP2). The ref 19 are not presented in Table 1 since they coincide with the
inclusion of the B3LYP increases this angle to 125.8he present B3LYP/6-31G(d,p) calculations. Table 1 also reports
tendency of these results of BT optimization geometries are the rms values of the optimized bond lengths of the BS and
similar to those observed for the predicted phenolate anion BSO optimized structures.
geometry in ref 16, where the quinoid character dominates the The benzenesulfinate structure has been considered planar,
structure of the aromatic ring. where the G-S—O angular group lies in the plane of the
The results of geometry optimizations of the benzenecar- aromatic ring. The predicted geometry, as presented in Table
boxylate (BC) and benzene 1,3-benzenedicarboxylate (BDC) 1, indicates that the -SO bond length is larger than the
anion structures, according to atomic label notation of Figure corresponding to the BSO anion. In fact, the@ bond length
1a and following theC,, symmetry and the rms values for the in BS values range from 1.468 A (HF/extended basis set
bond lengths of BC, as shown in Table 1, indicates that these (Supporting Information)) to 1.540 A (B3LYP), whereas these
species are dominated by the interaction of theCCdouble bonds in the BSO anion varies from 1.431 A (HF/extended basis
bond f parameter) and the¢Bs moiety that are linked by a  set (Supporting Information)) to 1.492 A (B3LYP). These results
CC partial double bond. In fact, the predictegO bond lengths ~ show that the bond order of the-® bond is less in sulfinate
for the BC anion varies from the 1.234 A (HF/6-86G(d,p)) to than in sulfonate species. In the same context, we can see that
1.267 A (MP2/6-3%G(d,p)). For the BDC species, all of these the neighbor &S bond is shorter in BS (1.691 A at B3LYP)
C=0 bonds are not symmetric, and two sets of values were than in BSO (1.830 A at B3LYP), indicating that its partial
found (, h'), where the firstif) varies from 1.243 A (HF) to ~ double bond character is larger in BS than in BSO. Furthermore,
1.275 A (MP2) and the other onk') varies from 1.235 A (HF) this C—S bond (a) in the benzenesulfinate species is shorter
to 1.268 A (MP2). It is observed that MP2 increases tkeQC also in BS than in benzenethiolate BT structure (see Table 1),
bond length more than B3LYP. The comparison of all these suggesting that this bond has stronger double-bond character
values with the &0 pure double bond (1.21 A) indicates that in BS than in BT and BSO species. For the CC bond (b) in the
the nature of carbonoxygen bonds in the carboxylate groups, aromatic ring, the values in BS go from 1.419 A (HF) to 1.432
both in BC and BDC, are mainly of double bond character, A (MP2, B3LYP) and are larger than in BSO, BT, and BC (see
although somewhat weakened by the expected electron delo-Table 1) anions. For example, the CC (b) bond length values
calization within each carboxylate group. Likewise, the neighbor in BSO range from 1.381 A (HF) to 1.396 A (B3LYP). In the
CC bond (a), whose values range from 1.543 A (MP2) to 1.553 same way, the CC (c) bond is reduced drastically in the sulfinate
A (B3LYP), is larger in BC than the known-€C alkyl single anion, being lower than in the BSO, BT, and BC anions. These
bond which length oscillates around 1.530 A. The aromatic (b) values indicate that the aromatic BS moiety resembles a like-
bond is larger than in the benzene ring but shorter than in the quinoid structure, where the double and single bonds are clearly
BT anion, and the (c) CC and (d) bonds have similar distances depicted and in the conjugation predominate theSgsingle)
to the CC bond in isolated benzene, suggesting that in BC the :-C—S(double)--C—C(single)+-C—C(double)--CC(single) pic-
phenyl group behaves as a benzene group with small quinoidture. These effects on the structure are more strongly marked
character. These features are valid also for the geometricin the sulfinate species than in the rest of studied anions,
parameters of the dicarboxylate anion. The bond angles are alsdndicating that electron conjugation is strongest when the BS
similar in both anions as shown in Table 1. However, the steric group is the G substituent one.
effects of the two C@negative groups in the ring plane induce  We have analyzed the main structural features of the aromatic
a closing of the &C=0 bond angle that goes from 129.2  anjons from the rationalization of the relevantC, C—S, C-0,
(B3LYP) in the monocarboxylate BC anion to 127(B3LYP) and S-O bonds and for the analysis of the correspondirgHC
in the dicarboxylate BDC one structure. bonds; we can see in Table 1 (and the Supporting Information)
Table 1 also reports the experimental geometric parametersthat in general the €H bond lengths tend to be larger in the
of the benzenecarboxylate moiety from the experimental X-ray anions than in isolated benzene. As can be concluded, the
structural characterization of tn-butylstannyl-2[4(diethylami- structures of the studied anions can be easily obtained by using
no)arylazolbenzenecarboxylate compodihdhose structure is ~ a DFT:B3LYP geometry optimization, producing geometries
displayed in Figure 1b. From the results we can see that therethat are structurally comparable with those optimized with MP2.
is a good agreement between experimental and theory for theHowever, expected small differences there exist between the
geometry of the BC anion. However, differences are observed DFT and MP2 optimized geometries.
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TABLE 2: Polarization Charges dg/e of the Relevant Bonds, Charges in the Susbtituentsjg/e), and Ring (g,/€) Groups of the
Aromatic Anions

[CeHs—S] (BT) [CeHs—CO,]~ (BC) [CeHs—SOy]~ (BS) [CeHs—SGs] ™ (BSO)
dgle MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP

Ce—Co +0.312 +0.020 —0.074 +0.164 —0.503 —0.368 —1.405 —1.196
Ci—Co —0.144 —-0.127 +0.176 —0.060 —0.135 —0.185 +0.131 +0.004
Co—Cn1 +0.217 +0.188 —0.047 —0.005 +0.366 +0.265 +0.302 +0.102
S—GCs —0.995 —0.540 +1.709 +1.595 +3.149 +2.696
Co—GCs +0.744 +0.626

0;—C, +1.392 +1.222

0,—S; —2.009 —-1.718 —2.804 —2.155
gele —0.901 —0.688 —0.894 —0.686 —0.421 —0.319 —0.552 —0.469
g.le —0.099 —0.312 —0.106 —-0.314 —0.579 —0.681 —0.448 —0.531

3.2. Electronic Population Analysis.The analysis of absolute  TABLE 3: Summary of the Studied Properties: Average
atomic populations gives an idea about the degree of chargeDipolar Polarizability e First Hyperpolarizability g5RS,
concentration in an atomic position only; however, we have Second Hyperpolarizability ya.e of the Monocyclic Anions
considered more interesting to discuss these atomic charges ifBasis Sets: A= 6-31+G(d,p); B = 6-311++G(3d,3p))

terms of the bond charge polarization. Table 2 reports the Aromatic anions | Propety | HF/A | HF/B | MP2/A | MP4A | B3LYP/A
bond charge polarization for the studied anions, calculated with = Oadau | 10952 | 10266 | 11539 | 116.62 | 116.21

MP2 and B3LYP methods. For a particular AB bond, bond ©/ (112.88) | 67.25"
charge polarization can be defineddgg = gs — ga and gives Befau | 3004 1 1675 | 6427 (gfg%a 4008

a degree of the charge contained in the studied bond as well ag B™Tau| 4070 | 3432 | 7029 | 8972 | 5834

an estimation of the polarization of charge in the region of that CeHs-S-(BT) (8045)

bond. These values were calculated using Mulliken atomic Yoolat | 09,670} 74,537, | 93,810, (113350313) 123488,
population MAP (y/e) of the relevant atoms, which values and

the total energy +ET/au) of the studied aromatic anions are ) Oaeou | 8949 | 9374 | 9380 | 9176 | 9656

reported as Supporting Information. The validity of these @io Bdau | 2670 | 2399 | 2868 | 3393 | 6449

electronic populations is only of qualitative value, and they are

B lau| 968 87.0 102.1 125.9 258.9

useful for comparing charge distribution in similar molecular CsHs-CO2 (BC)
ensembles. Additionally, we have estimated the charge of the Yave/au
phenyl ringgy/e and the substituent grougg/e G (S, CQ,
SO, and SQ) to seek the degree of sharing of the negative
charge between the aromatic part and the groups in the overal
anion structure. The corresponding MP2 and B3LYP results of B jau| 1,481.9 | 1,1315 | 1,7769 | 1,712.3 | 1,333.9
gy/e andgc/e are also reported in Table 2. The analysis of these | CHsS02(BS) | . "1 50785 | 74,152, | 49,203 | 68946, | 77,386.
values indicates that the degree of concentration of charge in
the substituents groups follow the BTBC > BSO > BS order,
where the thiolate substituent(Sconcentrates almost all the @/
negative charge of the anion, leaving the phenyl ring with low
negative charge. For the rest of the aromatic anions, the negativeC Hor50r

K L. 6Hs-SO3 (BSO)
charge is shared between the aromatic ring and the elements of Yaefau | 17,777. | 18,195. | 31,069. | 31,025. | 40,653.
the susbtituent groups. This tendency is hold at both MP2 and
B3LYP levels of theory.

In this same context, the dipole moment is an important
property for analyzing a molecular charge distribution; however,
in the present study it was not taken into consideration becausg ©
this property is dependent on the origin for charged species. | CsH+(CO22* (BDC)

3.3. Static Dipole (Hyper)polarizabilities. Dipole Polariz-
ability. The results of the maio;; components and the average
QLave Of the static dipole polarizability tensor of BT, BC, BDC,
BS, and BSO aromatic anions are collected as Supporting coupled clusters with the single and double excitations CCSD
Information, with a summary of the relevant results presented method and the same 6-8%G(d,p) basis set on the benzenethi-
in Table 3. It is important to note that, with the exception of olate anion by using the MP2/6-31(d,p) optimized geometry.
the BC anion, the extension of the basis at HF level set reducesThe results displayed in Table 3 show that CCSD adds the same
the values ofyj components in the anions, whereas for all the effects as MP2 on the values of BT, but with smaller value.
studied anions the MP2 electron correlations increase theseWe have also explored the performance of the density functional
properties. This behavior is reflected in the final values of the theory DFT methods by using the B3LYP hybrid approach,
average polarizabilityaye Where the MP2 effects with respect  which has shown to give good values of these properties in
to HF are 5.4%, 4.8%, 7.9%, 6.9%, and 9.7% for BT, BC, BS, molecules of different sizes and natdtenith respect to HF/
BSO, and BDC, respectively. With respect to MP2 effects, the 6-31+G(d,p) values, the B3LYP/6-31G(d,p) a.ave Values are
MP4 level affects randomly this property, where the relative increased in the 6.1%, 7.9%, 5.3%, 6.2%, and 13.1% for the
differences range fromt1.02 t0+2.20% in the series of anions. BT, BC, BS, BSO, and BDC anions, respectively. These B3LYP
These differences are too small to be meaningful. To seek aeffects are slightly larger than MP2 for the BT, BC, and BDC
higher order of electron correlation effects on the polarizability anions, and in most of the cases the B3L¥R. values are
of aromatic anions, we have explored the performance of the similar to the MP4/6-31+G(d,p) ones, except for the BC, where

20,020. | 20,971. | 33,889. | 33,530. | 60,321.

Oaefau | 11857 | 111.62 | 127.99 | 12516 | 124.89

»n—0

~o |Boau | 2,944.8 | 24417 | 3,680.8 | 3,685.1 | 2,846.4

/O Oaelau | 9598 91.88 | 10259 | 100.56 | 105.96
"o [Bzlrau 3347 338.1 453.2 378.3 7304
B au| 126.0 128.8 176.5 1415 3155

0

[

oave/au | 112.84 107.3 | 12382 | 12554 | 127.67

|Bzlrau 250.6 2232 186.9 318.8 495.9

o B jau| 1885 | 1783 | 2549 | 3062 | 33956

Yaefau | 31,476. | 33,530. | 50,720. | 73,903. | 113,107.

aCCSD/6-31-G(d,p) results® Benzene: B3LYP/A, ref 20.
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a difference of 4.7 au is observed. With respect to the CCSD, in au. These properties, which are very important for the

the polarizability of benzenethiolate is overestimated in less than comparison with experimental measurements, have been cal-

3% by the B3LYP method. culated at the same levels of theory as the dipole polarizability
In general, at the level of the employed basis set and the calculations, where the electron correlation effects are accounted

considered quantum mechanical techniques, the convergencéhrough the MP2, MP4, and B3LYP methods. Additionally,
of the predicted static polarizability calculations for the chosen Particular attention was taken to the evaluation of gitensor
aromatic anions is obtained. Furthermore, linear relationships ©f the benzenethiolate anion at the CCSD/6-&ld,p) level

with correlation coefficient larger than= 0.98 were found  to estimate the convergence of this property with the employed
for all the fitting between the HF and MP2, MP4, and B3LYP basis set and a comparison with the other methods. Further
oave Values. Also, it is worth mentioning that the absolute DFT extension of this CCSD method with larger basis set is out of
aavevalues are consistent with those calculated at MP2 and MP40Ur computing resources.

levels of theory. The HF/6-3%#G(d,p) (HF/A) and HF/6-311+G(3d,3p) (HF/

The studied anions are very polarizable in comparison to B) result_s indicate that. the. §tudied anions show significant
benzene, whoseaye value is 66.53 au (B3LYP, ref 20), also values of first hyperpolarizability, where the orderﬂ)f/alues_
reported in Table 3. In fact, the negative substituent increasesfollows the same tendency as the average of the dipole
the polarizability by a factor of 2 with respect to the benzene Polarizabilityo. These HF/A and HF/B calculations show that
in all the studied cases. Taking the B3LYP/6433(d,p) values the effect of basis sets is relatively low with the; exception of
as reference, the order of polarizability is the following: BC ~ the BT, where at HF level thg; value decreases in about 45%
BSO < BT < BS < BDC. The larger value afiave for BDC is by effect of the 6-31+G(d,p) extend(_ad b_a_ts_ls set. The most
expected due to its larger molecular size. However, the rglevant result from these hyperpolarizabilities is the relatlyely
interpretation of the tendencies in these dipole polarizabilities N9 value of thed components for the benzenesulfinate anion,
is not apparent from the analysis of the structural and electronic WN0Sefzzzvalue at the HF/6-3tG(d,p) level is 4, 8.8, 11, and
charge distribution discussed above and cannot be understood 17 imes the corresponding to BT, BSO, BC, and BDC anions,
only in terms of the separation of the negative charge from the F€SPectively. Owing to the high value in tI}%ézscomponen.t,
aromatic ring and the substituent groups, since the pattern of BS has large values in thig;| vector andj,,;” ones. This
the atomic charges of Table 2 does not follow the pattern of tendency is followed at all the levels of theory. We have
polarizabilities of Table 3. For instance, among the monosub- Performed linear fitting between both sets of valug|(and
stituted species the benzenesulfinate BS is the anion with largerBsss ) at the different levels of theory, and the correlation
polarizability, and in this compound the aromatic ring has the coefficient values are af=0.80, 0.92, 0.98, 0.99, and 1.0 for
larger negative charge from the series. However, BT and BC BDC, BC, BS, BT, and BSO, respectively, indicating that good
anions possess similar charge separation but very differentlinear correlation there exists between them. Therefore, we use
charge distribution, and the differences between their polariz- By for analyzing the hyperpolarizability of anions and the
abilities are significant. Likely, the explanation for the tendencies €lectron correlation in the results of first hyperpolarizability.
in the o values lies in the charge distribution of the internal Electron correlation affects the HF values significantly. In
bonds of the phenyl ring. In fact, BC and BSO are the anions particular, MP2 effects increas@hy,> from 20% for BSO to
with lower polarizabilities from the series, and the corresponding 161% in BT anion, while MP4 reduces the MP2 valueﬁ'zi‘ﬁS
values of the charge polarization for the-€C9 bond (DFT in a range of 20% and 25% for BDC and BC, respectively;
level) approach to zero for both anions. We can expect that whereas for BT and BDC, these effects are positive on the order
when the polarization of charge in a bond approaches zero, itof 27% and 20%, respectively. For BS, the anion with higher
indicates that the flux of charge is minimal and the response of hyperpolarizability, these MP4 effects are very low in about
the electronic cloud to the perturbation of the electric field is —49%. At this point it is worth considering the BT CCS)X°
low. Furthermore, in BC the £-C;; is an additional bond with results, whose comparison with the MP2 and MP4 results
very low charge separation. This fact reinforces the statementindicates that the highly correlatgtlvalues of benzenthiolate
about the lower polarizability in terms of lower polarization of lies between the MP2 and MP4 values. In this sense we are
internal bonds. In contrast, for BT the polarization of the-C6  confident with our MP4 results for the rest of anions.

C7 bond is positively low; however, the charge of the S atom  B3LYP exchange-correlation effects have been also consid-
is very negative, and a transfer from the S atom to this bond ered, and we can see that these effects increases the values of
can explain why the polarizability of BT is larger than BC and  the properties calculated at HF level, and furthermore these
BSO. Other important feature in the anions with large polar- effects are large with respect to MP2, which relative differences
izability is the alternation of bond with defined charge separa- are for BSO ¢-80%), BC (¢+54%), BDC &430%), BT (—17%),

tion, indicating a marked degree of bond order where the and BS (-25%). Similar tendencies are observed with respect
positive and negative signs change according to the conjugationto the MP4 values. The comparison of B3L)$RPesponses with

of the bonds; effects that are very well-defined in BT, BS, and the CCSD results for BT indicates that the DFT hyperpolariz-
BSO anions. This interpretation is also in agreement with the abilities are subestimated significantly in about 27.5%. Despite
analysis of the structure of the aromatic anions where the lengthsthese discrepancies in the absolute values of the first hyperpo-

of the bonds alternate according to the expected bond order fromjarizability of aromatic anions, the B3LYR,R° values parallel

the picture of the charge separation in the most of the cases.the corresponding MP2 and also the MP4 ones, and a linear
First Hyperpolarizability. The components of the first hy-  relationship for MP2 is depicted in Figure 2, with correlation
perpolarizability tensop of the studied anions are reported as coefficient ofr = 0.98.
Supporting Information, and a summary of these results are  To rationalize the tendencies of hyperpolarizabilities in
displayed in Table 3. The independent component$ afre monosubstituted aromatic anions and understand the large values
Bax Pzyy @andfBzzzlabels, where the last term corresponds to the of 3 for BS and BT with respect to the BSO and BC, we have
longitudinal one. We also calculated the magnitude of|the analyzed the Mulliken atomic population and the bond length
vector and the response of the HRS scattering denoté@'}?s alternation BLA&? in the aromatic ring by effect of the
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computational cost methods such as DFT instead of the high
computational costs of MP4 methods. From the studied anions,
the benzenesulfinate shows the largest valyg @ this point,

it is also important to consider the range of the calculgied

14000 -

12000 —

S 10000 4 values of the studied anions in the context of pughll

& molecules. For instance, we have evaluated at the B3LYP/6-
2 000 31+G(d,p) level thep’ "> of p-nitroaniline (PNA) molecule,

2 1 which is a model for NLO applications, to be 645 au (557

x y 6000 10736 esu), which is 50% of the corresponding value of the BS
[-=N

anion.

Second HyperpolarizabilityTable 3 also displays theaye
for the investigated anions with the components of the second
hyperpolarizabilityyji reported in the Supporting Information.
LI) 20|oo 4oloo eoloo soloo 10600 12(I)oo 14(|)oo 15600 15600 The HF results show that all the studied anions have hlgh
B,,,""*(MP4)x10au second-hyperpolarizability responses. Fhgcomponent domi-
nates the scalar property of the tensor. At this level of theory,
the value ofyawe Of benzenethiolate is comparable to the
benzenesulfinate, whose values are much higher than those of
T the rest of anions. The effects of the basis sets are about of
140004 10% in the anion series. However, the MP2 electron correlation
] BS effects are very important in the order of 42%, 68%i,6%,
72%, and 62% for BT, BC, BS, BSO, and BDC, respectively.
The MP4 effects with respect to the MP2 can be summarized
| as 48%,—1%, 40%, 0%, and 46% for these anions. It is
8000 important to note that the MP4 effect is almost zero for BC
; and zero for the BSO anion. For BS, the MP2 effect is negative,
N 8000 - - whereas the MP4 one is large and positive. The anions with
T the largest electron correlation effects are the BT (110%) and
oo the BDC (134%), and they present the largest valuegfat
BSO  =BC this level of theory. However, the difference in second polar-
izability between both of these anions is very significant. For
9950 10000 10050 10100 10150 10200 10250 10300 10350 instance, they,e value for BT is 138 633 au while for BDC is
x10* 73 903 au. The fact that BDC shows langg.can be understood
by the cooperative effect of two substituent groups in the phenyl
ring. However, the fact of the large hyperpolarizability in the
monosubstituted anion (BT) is not easy to rationalize. To
evaluate the real electron correlation effects on this property,

substitution. We have found that the first hyperpolarizability We also calculategaye with the CCSD/6-3%G(d,p) method,
of anions cannot be interpreted directly from the electronic @nd the results are displayed in Table 3. The CCSD/6G1
distribution and the separation of charge. From the structural (d.p) results that correlation effects are on the order of 66%
results we can see significant variations in the adjacert@ with respect to HF/6-3+G(d,p) ones, and thga.e has a value
“single” and G—Cs “double” bond lengths that represent the ©f 109201 au. This value is relatively very high for a
response of the-aromatic system to the chemical interaction Monosubstituted phenyl ring if we consider that the value of
of the substituted negative group. Analysis of these bonds in Yave Of isolated benzene is about 23 000%at MP2.
the phenyl ring shows a defined bond length alternation BLA,  Table 3 also shows the B3LYP/6-85G(d,p) results of second
and therefore, a propersstructural relationship should exist —hyperpolarizability of the aromatic anions. With respect to MP4,
between the first hyperpolarizability and these BLA. A quotient the B3LYP effects are about 6f11%, 80%, 12%, 31%, and
between these two bonds, denotedjgs, = d(Cs — C7)/d(C7 53% for BT, BC, BS, BSO, and BDC anions, respectively. Itis
— Cg), can be used as structural descriptor of BLA in order to worth noting that these B3LYP effects are negative for BT (the
explain the first hyperpolarizabilities in anions and in a push ~ most second hyperpolarizable anion) and positive for the rest
pull molecular system. Figure 3 shows the relationship between of anions. Another interesting aspect of these values is that there
the /RS (B3LYP) andgg.a that is of an exponential growth ~ exists a linear relationship between the B3LYP and the MP4
fitting. A similar relationship there exists for the corresponding ones with correlation coefficient af = 0.89.
MP4 results. These results indicate that anions with lower value  Turning out to the large second hyperpolarizability of
of gsLa have lowp value and anions with higts A show high benzenethiolate, which value at B3LYP is 2, 1.5, and 3 times
first hyperpolarizability. Similar behavior there exists between they,.0f BC, BS, and BSO anions, we consider that the factor
the A57° and the dipole polarizability. in the monosubstituted  that is able to explain these tendencies is the excess of negative
aromatic anions. In this context, we are exploring further charge by atom of the substituent group, whose valgef\j
extension of these finding to different puspull systems, such  are—0.68&, —0.22%, —0.106, and—0.11% for BT, BC, BS,
as cations, neutral, and excited molecules. and BSO, respectively. See Table 2 for the corresponding

To summarize, the studied aromatic anions show a relatively values. Figure 4 shows that for second hyperpolarizability
high response of first dipole hyperpolarizability that can be calculations the excess of electron in a polarizable atom is an
interpreted in terms of the bonds length alternations. Similar important parameter to understand the tendencies in nonlinear
tendencies in thes@g calculations can be achieved at low third-order optical properties of aromatic anions.
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Figure 2. Relationship between th&%au at the B3LYP level with
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respect tg3"Rau at MP4. The correlation coefficient is= 0.98.
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Figure 3. Function of theg""%au at the B3LYP level in terms the
ratio of the bond length alternatiogs.a at the B3LYP level. The
correlation coefficient is = 0.995.
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4. Conclusions

Geometries, static dipole (hyper)polarizabilitiege Pvec
ARS and yave of benzenethiolate (BT), benzenecarboxylate
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Supporting Information Available: Tables of optimized
geometric parameters and electronic properties gf{€ S|,
[CeHs—COZ]~ and [GH4—(CO2)2)*", and [GHs—SO,]~ and
[CsHs5—SOs]7; tables of dipole polarizability as well as first
and second hyperpolarizabilities of anionic monocyclic mol-
ecules. This material is available free of charge via the Internet
at http://pubs.acs.org.

References and Notes

(1) Clays, K.; Persoons, A.; Maeyer, Adv. Chem. Phys. Sel.994
LXXXYV, 455.

(2) Horiuchi, N.; Kodaira, T.; Watanabe, A.; Matsuda, ®hem. Phys.
Lett. 1997, 276, 92.

(3) Muthuraman, M.; Le Fur, Y.; Bagiueu-Beucher, M.; Masse, R.;
Nicoud, J.-F.; Desiraju, G. Rl. Mater. Chem1999 9, 2233.

(4) Salvador, P.; Curtis, J. E.; Tobias, D. J.; JungwirttPRys. Chem.
Chem. Phys2003 5, 3752.

(5) Sylla, M.; Giffard, M.; Boucher, V.; lllien, B.; Mercier, N.; Nguyen
Phu, X.Synth. Met1999 102 1548.

(6) Duan, A. X.-M.; Okada, S.; Matsuda, H.; Oikawa, H.; Nakanishi,
H. J. Chem. Soc., Perkin Tran$998 2, 2451.

(7) Rodrguez, L.; Simos, C.; Hernandez, J.; Gutierrez, H.; Sylla, M.;

(BC), benzenesulfinate (BS), benzenesulfonate (BSO), and 1,3-;3;“3“' M.; Marcano, A.; Soscun, H.; Nguyen-Phu, Gpt. Mater.2004

641

benzenedicarboxylate (13BDC) aromatic anions were systemati- " (g) shelton, D. P.; Rice, J. EChem. Re. 1994 94, 3-29 and

cally evaluated by HF, MP2, and MP4 ab initio and density
functional theory DFT:B3LYP methods with standard (polarized

and diffuse) basis sets. The results have shown that these anion
possess great (hyper)polarizability, and important variations

references therein.
(9) Cohen, H. D.; Roothaan, C. C. J. Chem. Phys1965 43, 34.
urtz, H. A.; Steward, J. J. P.; Dieter, K. M. Comput. Cheml99Q 11,

.(10) Frisch, M. J.; Trucks, G. W.; et abaussian 98Pittsburgh, PA,

between these electrooptical properties are observed due to the99s.

effects of the charged susbtituent on the aromatic ring. The

results ofaave 8, andy are rationalized in terms of the structural

(11) Schmidt, M. W.; Balridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Hensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S. J,;

Windus, T. L.; Dupuis, M.; Montgomery, J. Al. Comput. Chem1993

and electronic polarization of the phenyl ring, bond length 14 1347.

alternation (BLA), and excess of negative charge by atom in

(12) Szafransky, C. A.; Tanner, W.; Laibinis, P. E.; Garrell, R. L.

the substituent group, respectively. In fact, there exists an Langmuir1998 14, 3570.

exponential relationship between the first hyperpolarizability and

BLA, while a linear relationship exists between thg. and

(13) Nara, J.; Higai, S.; Morikawa, Y.; Ohno, Appl. Surf. Sci2004
237, 433 and references therein.
(14) Bauschlicher, C. W., Jr.; Ricca, &hem. Phys. LetR003 367,

the excess of negative charge of the anion. Electron correlation90.

is very important in the (hyper)polarizability calculations in

aromatic anions, and an excellent linear fitting exists between -,

the MP4 and B3LYP (hyper)polarizability results.

(15) Letardi, S.; Cleri, FJ. Chem. Phys2004 120, 10062.

(16) Nwobi, O.; Higgins, J.; Zhou, X.; Liu, RChem. Phys. Letfl997,

2, 155.

(17) Chakraborty, S.; Bera, A. K.; Bhattacharya, S.; Ghosh, S.; Pal, A.

Results of polarizabilities of aromatic anions also have shown K.; Ghosh, S.; Banerjee, Al. Organomet. Chen2002 645, 33.

that benzenesulfinate is an anion with exceptional valueg for
and that the benzenethiolate shows large valuesaafmpared

with the rest of anions. We conclude that these anions could bezas.
incorporated in structural materials for non-second- and third-

order nonlinear optical devices, respectively.

Acknowledgment. This work was partially supported by the

(18) Cao, Y.; Li, Y.-S.; Tseng, J.-L.; Desiderio, D. Nbpectrochim.

Acta, Part A2001, 57, 27.

(19) Pejov, L.; Ristova, M.; Soptrajanov, B. Mol. Struct.200Q 555

(20) Soscun, H.; Hernandez, J.; Escobar, R.; Toro-Mendoza, C.;

Alvarado, Y.; Hinchliffe, A.Int. J. Quantum Chen2002 90, 497.

(21) Soscun, H.; Castellano, O.; Bermudez, Y.; Toro-Mendoza, C.;
Marcano, A.; Alvarado, YJ. Mol. Struct. (THEOCHEMRO002 592, 19.
(22) Bourhill, G.; Bredas, J.-L.; Cheng, L.-T.; Marder, S. R.; Meyers,

“Nonlinear Quantum Optics” France-Venezuela PCP program F.; Perry, J. W.; Tiemann, B. G. Am. Chem. S0d.994 116, 2619.



