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DFT-based electronic structure calculations are performed on a series of compounds designed to model the
hydrogen bonding present in sulfonic acid-doped polyaniline. A thorough investigation of the structural and
electronic influences on the hydrogen bonding at the B3LYP/6+31G(2d,2p) level reveals a number of
previously unknown features of such systems. Rearrangements of both the geometry and electronic configuration
indicate that the creation of a hydrogen bond between théiNjroup in the polyaniline models and the

O—S group in the sulfonic acid models increases the ability of the phartrbgen backbone to transfer
electron density.

1. Introduction EB

The interest shown in polyaniline (PANi) as a synthetic, 'i'
conducting polymer has continued to grow in recent yéaiss N N
is partly due to its high chemical and environmental stability, Z
but also it is simple and cheap to process, and its salts exhibit _
levels of electrical conductivity approaching that of metals. The N N
structure of polyaniline has been well documeAtadd in its ,L
emeraldine base form (EB; Figure 1) consists of a series of - -
Ph—N repeat units, where the nitrogen exists in either an imine ES

or amine environment. EB is electrically insulating due to an
empty conduction band, but doping with a strong acid protonates

H H
A A
both iminic nitrogens to give emeraldine salt (ES; Figure 1). cr ="
ES is electrically conducting by virtue of its half-filled polaron s !
band, and this has led to a variety of potential applicatfons. p|q p|q cl
H H

While EB is reasonably soluble in standard hydrogen-bonding
solvents, ES is less so, and this leads to problems with L n
processability. However, if bulky sulfonic acids are used as the Figure 1. Structures for EB and ES.
dopant for ES, solubility levels are much higien particular,

PANi doped with )-10-camphorsulfonic acid (CSA) in  the radical cationic form of oligomeric PANi in a face-on fashion
m-cresol (MC) shows great promise with a variety of metallic With one of the phenyl rings. In contrast, the semiempirical
properties having been observed. Of note is the electrical models proposed by lkkala et ®have methanesulfonic acid
conductivity of PANi/CSA/MC films, which can reach 1G and tosylenesulfonic acid anions interacting end-on with oli-
cmL, comparing very favorably with that of copper f18 gomeric PANi. The authors suggest that a form of “molecular
Cmfl). This System forms a so-called “Synergistic triad”, where I’eCOgnitiOn" exists in the System analOgOUS to that observed in
the properties of the films created from solution depend critically biochemistry. Their model shows MC cyclically associating with
on the presence of all three components. It is assumed that thedhe PANI/CSA with specific structural requirements such as the
triad is arranged so that sulfonic acid groups on CSA hydrogen Presence of a phenyl ring and hydrogen bond donor or a critical
bond to the PANi N-H groups® distance between the hydrogen-bonding site and the van der

There is a wealth of experimental data available on the Waals-bonding site. . . .
structure and uses of polyaniline and its derivatives. However, N fact, the use of theoretical methods to investigate the
it is only recently that theoretical methods have begun to addressStructure and energetics of various aspects of polyaniline and
the geometry and electronic structure of such polymer/dopantits derivatives has mostly concentrated on semiempirical
compounds. To the best of our knowledge the main hydrogen techniques. In particular, hydrogen bonding between water and
bond between the NH in PANi and the S0 in CSA has not  PANi oligomers has been investigated using both the EHMO-
been modeled using ab initio methods before, though semiem-CO’” and CNDO/AMP methods. These results suggest the
pirical calculations on a similar system existhese indicate ~ conductivity improves upon formation of hydrogen bonding
that sulfate anions (S® or HSQ™) prefer to interact with between water om-cresol and PANi though the origins of this

effect are not entirely clear. Also, an AM1 study on the

* To whom correspondence should be addressed. E-mail: joel.foreman@ INteractions between poly(bisphenol A carbonate) and PANi
dur.ac.uk. monomers, dimers, and trim&suggests that hydrogen bonding
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does occur in longer polymer chains. A number of other DMA DPA
semiempirical papers exist on various aspects of PANi. These H
include grafting of polymers to enhance propertiespnfor- H 1.009 |
mational analysis and UVvis spectrd! structure and energetics 1'017,|4 a5t 1399
of PANi polarons and bipolarorig, adsorption onto metal CH/ \CH

surfaced? and finally substitution effects in diphenylamitfe. ’ ’

Examples of the application of ab initio and hybrid DFT ICPA
methods to polyaniline and its derivatives are rarer. Calculations MMA H
necessarily on the smallest oligomeric forms of PANi at the H 1'°”\|
HF level with small basis séfsagree with the half-filled polaron RN 1428 NJ329
band model. Additionally, several papers exist on a variety of myﬂ 28 +
features of aniline trimers at the higher B3LYP and CIS Ié¥els HyC \CHz
where the main conclusions suggest that the use of small \N/H
subunits of PANi to model gross properties is valid. Theoretical DTC
modeling of these subunits (e.g., small aromatic amines) is a DAZO
nontrivial exercise. Previous studies indicate that dodtbdesis 1.009T
sets with polarization functions are the absolute minimum for 1011T |

accurately modeling aromatic amin€sin comparison, the
structures of aromatic phosphines are relatively accurately
modeled by ab initio methods with doublebasis sets?
However, the inclusion of electron correlation is required for
the precise calculation of energies and quantities obtained

N H
1.399 |
‘A D AN
1.463 ‘
|
</ = =
directly from the wave function (e.g., atomic properti&sylore

recer_‘t.'y' a _number of papers have applied hybrid DFT methods Figure 2. B3LYP/6-31G(d,p)-optimized structures for the six mono-
to aniline (_)Ilgomers and conclude that these methods are suitable, &< used in the project. Selected bond lengths are included (A).
for modeling such compound8In fact, the use of hybrid DFT
method§ to investigate the general nature of hydrogen bondingmethanesulfonic acid anion, G8O;~, (MSA) and DMSO, and
in a variety of systems has become much more comfhon. ity the former bridging DTC across its two amine groups, an
A partial crystal structure of oligomeric PANi doped with effective model for PANI/CSA is obtained (DFEMSA). The
CSA obtained locally indicates that the sulfonic acid repeatedly propy bridges are an essential part of the model that effectively
bridges two adjacent PANi chains, locking them together with |ock the system together and prevent the diphenylamine groups
hydrogen bonding. With the gross structural aspects of the from drifting apart during optimization. In this conformation,
system known, it is now possible to model the hydrogen bonding the rings will be slightly hindered from adopting a more twisted
in greater detail with a view to explaining its influence on the conformation. However, this has the same effect as the packing
conductivity of the system. In this paper we detall computational forces that reduce ring twisting in the crystal structure. In
efforts to model the geometry and electronic structure of the aqgition, from the crystal structure we know that PANi chains
hydrogen bonding in doped PANi. are bridged on both sides by CSA, so each propyl group also
acts as a dummy CSA on the opposite side of the PANi chain.
2. Methods Last, as the focus of this paper is the-N---O—S hydrogen
Complexes between PANi and CSA contain too many atoms bond, several potentially interesting structural features of the
to be effectively modeled by DFT at present. To address this PANi/CSA/MC triad are not dealt with and will be addressed
issue, we have chosen a series of smaller model compounddn 1ater papers. These include the role the solvent (MC) and
intended to represent the most important functional groups andthe extra CSA carbonyl group play (either can hydrogen bond
interactions present in the structure. In ES, two distinct canonical ©© PANi or CSA) and the influence of pherybheny! interac-
nitrogen environments exist, an amine and an iminium cation. tions??
The actual nitrogen environment in ES will of course vary  Eight complexes consisting of a hydrogen bond donor and a
between these two extremes, and the perfect model would behydrogen bond acceptor were created (Figure 3) and fully
an average of the two. An average model of this kind is optimized using the B3LYP exchange-correlation functighal
untenable; hence, both nitrogen environments are modeled wheravith the 6-31G(d,p) basis sets.Symmetry conditions were
possible. The amine nitrogen is modeled by dimethylaming; Me imposed where appropriate to reduce the number of unique
NH (DMA), diphenylamine, PiNH (DPA), [1,5]diazocane integrations necessary and reduce the time taken for jobs to
(DAZO), and 6,12-diaza-1,5,7,11(1,3)-tetrabenzenacyclodode- complete.Cs symmetry was applied to DMA, MMA, DMSO,
caphane (DTC), while the iminium cation nitrogen is modeled DMA—MSA, DMA—DMSO, MMA—-DMSO, and DAZC-
by the methylmethyleneamine cation, €dHH=CH, (MMA), MSA, Cp, to DAZO, C; to DTC, Cs to MSA, and C; to
and the (4-iminocyclohexa-2,5-dienylidene)phenylamine cation everything else. Harmonic frequency calculations are also
(ICPA). The full chemical structures can be seen in Figure 2, performed at this level to give bond stretching frequencies
where it becomes clear which models most closely resemble (reported unscaled) and zero-point energy (ZPE) corrections.
PANi. The simpler models are included to obtain a limited Basis set superposition error (BSSE) in the dimers is accounted
statistical spread for this hydrogen bond type and not to provide for using the counterpoise mett§dit the higher B3LYP/6-
absolute values. Clearly, DTC is the best PANi model used in 311++G(2d,2p) levefS All calculations are performed using
this work, and results using this model should be most Gaussian 98 on Compaqg Alpha machines.
comparable to experimental findings. DTC itself is two diphe- ~ The first of two analyses used to describe the electronic
nylamine molecules arranged face-on (cf. PANi) bridged structure of the system is Weinhold’s natural bond orbital (NBO)
underneath by two propyl groups. CSA is modeled using the theory?8 This is based on a method that transforms the electronic
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Figure 3. B3LYP/6-31G(d,p)-optimized structures for the eight dimers created in the project. Selected bond lengths are included (A).

wave function into a set of orthonormal one- and two-center ionic/covalent character in a bond. Larger valuepgofend to
localized “natural orbitals” that correspond to the traditional correspond to covalent bonds where there is more density
chemist’s notion of Lewis orbitals. The set of doubly occupied between the atoms, and vice versa for ionic bonds. In addition,
natural orbitals faithfully recreates the standard Lewis picture other types of bonding can be revealed by these values (e.g.,
of bonding, each one- or two-center orbital representing a lone hydrogen bonds and “intermediate interactions”). Topological
pair or bond, respectively. Departures from this ideal picture analyses of the B3LYP/6-3#1+G(2d,2p) wave function were
result in sparsely occupied non-Lewis orbitals, such as anti- performed using EXT94B and PROAIMV, both part of Bader’s
bonding orbitals and Rydberg orbitals, which act as electron AIMPAC?3! suite of programs.
sinks. All possible interactions between the Lewis and non-
Lewis orbitals are assessed, and the electron transfer is estimated  Results
using second-order perturbation theory and measured by the
stabilization energyE®@. In addition, natural population analysis (@) Structures (Table 1).The crystal structure of oligomeric
sums the occupancies of each natural atomic orbital to give anPANI/CSA/MC mentioned earlier suffered from disorder, mostly
atomic populationN. NBO analyses of the B3LYP/6-3%+H-G- in solving the location of the MC molecules. However, the gross
(2d,2p) wave function were performed using NBO %.0. structural features of the system can clearly be observed and
The electronic structure is further analyzed using Bader's also the geometry of the hydrogen bonds. A more complete
atom-in-molecules (AIM) theor§® which assigns chemical theoretical examination of the oligomer structure will be
meaning to the total electronic charge density,and its published at a later date, but for current comparison purposes
derivative, Vp, by means of the electronic wave function. the experimental geometry is as follows. The hydrogen bond
Atomic subsystems are defined from the molecular density using length,r(HB), hydrogen bond angle(HB), and HNCC dihedral
a series of boundary surfaces with zero flusvip. The atomic  angle,d(HNCC), are 1.988- 0.045 A, 167+ 3°, and 37+ 6°,
population is calculated by integration of the density over this respectively.
“atom”. The standard classification of critical pointsdrns (n, The theoretical hydrogen bond geometry of DTKSA
m), wheren is the number of nonzero eigenvalues at the critical (Table 1) compares very well with experiment, as it is the dimer
point andm is the sum of signs of the eigenvalues. In this that most closely resembles doped oligomeric PANi. Nonethe-
particular work, bond critical points (the (3;1) critical points less, the optimized dihedral angles show one phenyl ring on
that occur at the point of zero gradient between bonded atoms)each nitrogen settling near the experimental value, with the other
are analyzed as they contain the most useful information aboutsignificantly more planar. The mean of all four dihedrals-55°
the bonding in a system. The ellipticity, of the bond is a lower than the experimental orientation due to the fact that,
measure of the ratio of the two negative eigenvalues at its bondwithout a more complete structure, the phenyl rings have more
critical point. Values vary from 0.0 for pure single bonds (  freedom to adopt a more preferred conformation. The presence
type) to approximately 0.4 for-type bonds and provide a of more PANi oligomers, longer oligomers, larger dopant
potentially useful measure of the aromaticity of bonds adjacent models, and solvent models averages out the localized geometry
to delocalized phenyl systems. The valugaft the bond critical effects observed hefé.However, DTC-MSA remains the
point (oc) also provides useful information about the degree of optimum model in this work, and as the calculated hydrogen
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TABLE 1: B3LYP/6-31G(d,p)-Optimized Structural Properties?
dimer r(HB) w(HB) a(HB) d(HNCC) Ar(N—H) Aw(N—H) Ar(O-S) Aw(0—S) Ar(N—C)  Aw(N—C) A|d(HNCC) Epgs

DMA—-MSA 1939 322 160.4 +0.010 —137 +0.011 0,—28 —0.006 —40,—-12 27.3
DMA-DMSO 2.076 95 165.3 +0.003 —43 +0.008 —23 —0.004 +31,+8 8.5
MMA —DMSO 1.463 462 165.3 +0.080 —1290 +0.042 —139 —0.011,-0.002 +36,+25 125.0
DAZO—-MSA 1.975 107, 160.0 +0.007 —97,—-104 +0.006 +3,—36 —0.017 +84,+193 23.1
106
DPA—MSA 1.797 320 168.2 22.4,13.7+0.024 —413 +0.018 —-1,-54 -—0.012,-0.007 +14,+45 -8.1 69.5
DPA-DMSO 1.937 370 166.6 25.6,14.8+0.011 —193 +0.016 —42 —0.006, -0.005 +5,+31 —3.8 18.4
ICPA—DMSO 1.633 149 169.4 6.2,40.5 +0.038 —684 +0.033 —133 —0.006,—0.007 +14,—39 -0.6 90.0
DTC—MSA 1.921, 117, 165.7, 65,38.8, +0.016 —253,—268 +0.007, +1,+2 —0.003,-0.005 +5, -2 +4.4,-3.2 385
1.925 106 166.7 2.8,34.9 +0.012

aBond lengthg in A, vibrational frequencies) in cm2, bond angles and dihedral angesndd in deg, and hydrogen bond strengffig in
kJ mol-L. The table is divided into alkyl-based models followed by aryl-based modelslues refer to the change in property on complexation.
Where appropriate (a) symmetric stretches are followed by antisymmetric stretches, (b) two instances of one bond type are both reported, (c) the
mean bond strength is reported for dimers with two hydrogen bonds, and (d) single bonds are followed by double bonds.
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Figure 4. Graph showing the correlation between the changes in bond length on dimerizatjoan@ the hydrogen bond strengtg.g).

bond geometries of the other seven models clearly show theyas electron density is removed to create the adjacent hydrogen
are less suitable for direct comparison with experiment, they bond. In fact, the reduction ifN—H) andr(O—S) is propor-
will be used for observing trends. tional to the hydrogen bond strength (Figure 4). Ne{t—C)

The key bond lengths and angles of the optimized dimers consistently decreases on complexation, and while it is possible
are shown in Figure 3. With one or two exceptions, most of that this is another cause for the lengthening of the adjacent
these values lie within the accepted ranges for their bond types.N—H bond through removal of electron density, it is more likely
The N—C bond lengths in DTEMSA are shorter than the that there is another reason for this effect. This is supported by
expected~1.45 A. This is also the case for the-XC bond in the less obvious broad correlation betwefer{N—C) and the
both DPA complexes and is a strong indication that theQN bond strength (Figure 4). More likely this effect is directly
bond in these complexes is intermediate between single andcaused by a change in the electronic nature of theNPhystem
double ¢ andx). The N—-C and N=C bond lengths in ICPA on creation of the hydrogen bond. As expected, most changes
DMSO are in the usual range, and the HNCC dihedral angles in bond stretching frequency mirror changes in bond length.
are split as observed previously for DF®ISA. However, in However, one anticipated trend that failed to emerge was a
this case, the split is caused by the double bond restricting correlation between the hydrogen bond length and its stretching
rotation about the KC bond. Interestingly, the NC bonds frequency. The usefulness of a scale, where potentially easily
are very similar in length in DTEMSA (1.390-1.397 A), and obtained experimental bond stretching frequencies would cor-
yet the dihedral split is still observed. Two very short hydrogen respond to predicted bond strengths, was not underestimated.
bond lengths occur in both MMADMSO and ICPA-DMSO, Unfortunately, the relatively weak nature of the bonds involved
where an extra interaction appears to exist between#® S  produced no observable trends.
and N=C bonds. Accordingly, less significance is applied to The change in the sum of the HNCC dihedral angles,
further results from these two complexes. A|]d(HNCC)|, effectively measures the change in the interplanar

An important part of this section is comparing the geometry angle between two neighboring phenyl rings on creation of the
of the dimers with that of their constituent monomers to assesshydrogen bond. The values for both DPA complexes are
what structural effect the creation of a hydrogen bond between negative, indicating an increase in the planarity of the-Rk-
them has. It is known from previous studies that the effect is Ph backbone on dimerization. The value for ICPMSA is
relatively smalB2 and that is borne out here, wheke is always small because ICPA is already close to its optimum configu-
<0.1 A. Bothr(N—H) andr(O—S) decrease on dimerization ration before dimerization. The=XC section is almost planar,



7608 J. Phys. Chem. A, Vol. 107, No. 38, 2003 Foreman and Monkman

TABLE 2: B3LYP/6-311++G(2d,2p)//BLYP/6-31G(d,p) NBO Properties

dimer ANc ANy ANy ANo ANs ANp, AELp AE@ pny-c—cr  AE@c—c—c—cr  YE@poy-N-He

DMA —MSA —-0.008 +0.044 —-0.073 +0.022 —-0.005 -—0.014,+0.13910 40.5

DMA-DMSO —-0.007 +0.006 —0.041 —0.004 -—0.011 -0.010,+0.03542 24.2

MMA -DMSO —0.002, +0.023 —-0.031 +0.043 +0.002 276.0
+0.044

DAZO—-MSA —-0.010 +0.044 —-0.082 +0.004 —0.003 -—0.043,+0.17790 32.7

DPA—MSA —0.015 +0.020 —0.069 +0.024 —0.008 —0.065,1+0.13102 +46.3 —-2.3 81.7

DPA—-DMSO —0.007 +0.022 —-0.045 +0.023 —0.001 -0.033,+0.02425 +24.5 -0.9 48.1

ICPA—-DMSO —-0.022, +0.020 —-0.049 +0.062 —0.006 +0.0 152.2
+0.004

DTC—MSA —0.040, +0.039, -—0.061, +0.008, —0.007 -—0.038,—0.042, +15.9,+18.6 +0.0,+0.0 48.5,48.1
-0.039 +0.037 -—0.061 +0.010 +0.11735+0.11639

aNatural population$\ in e and second-order delocalization enerdi@sin kJ mol-L. The table is divided into alkyl-based models followed by
aryl-based modelsA values refer to the change in property on complexation. Where appropriate (a) two instances of one bond type are both
reported and (b) single bonds are followed by double bonds.

and this does not change much on creation of the hydrogenparticularly relevant to this work where the nitrogen LP has a
bond. The positive and negative values for DT@SA show crucial role in the transfer of electron density down the-Ph
the PR-N—Ph backbone is normalizing; the dihedral split seen N—Ph backbone and hence the conductivity of the system. In
earlier is somewhat reduced on dimerization, though the two the six unprotonated systems, the LP natural populatipp,
interplanar angles are still not the same. Overall, the reduction decreases (along with the associated energetic destabilization)
or rearrangement of the dihedral angles once again suggests an creation of the hydrogen bond. This electron density is
significant change in the electronic nature of the aniline removed from the nitrogen atomA\Ry is positive), and any

backbone. further delocalization is measured using the stabilization energy,
(b) Energetics (Table 1).The hydrogen bond strengths, E®. In this case AE@) p(ny—c=c+, Which measures the delocal-
for the reaction between the donor;-M, and acceptor, ©S, ization from the nitrogen LP into the=€C* antibonding orbitals
was estimated from the total enerdy;or, of the monomers  on the adjacent phenyl rings, is consistently positive. So, on
and the dimer using the following equation: creation of the hydrogen bond, a significant amount of electron
density is being delocalized from the nitrogen LP into the
Eyg = Eror(N—H:+-O—S) — [E;o+(N—H) + E;5(O—S)] nitrogen at first and then into any adjacent phenyl rings. The

measure of the change in delocalizatigithin the ring, AE@—

The resulting energy was adjusted for BSSE to correct for c—c—cx, is negligible and, in the best models, zero. This indicates
“borrowing” of basis functions within the dimer, and a ZPE that the changes in the electronic structure occur around the
correction was applied to compare with standard reaction hydrogen bond system, (RyMH:--O—S and its associated lone
enthalpies. The resulting bond strengths are shown in Table 1,pairs, as opposed to within the phenyl rings. Presumably the
and it can be seen the values vary from weak to strong over theability of the Phi-N—Ph backbone to conduct is controlled by
eight dimers investigated. The variation occurs across both MSA how efficient the transfer of electron density across the nitrogen
and DMSO complexes, a useful sign that the use of DMSO is atom is, and these results suggest that hydrogen bonding to the
valid even though it is not as good a sulfonic acid model as nitrogen enhances this.
MSA. In general, the alkyl-based models have weaker hydrogen Last,Y E®@) po)-n—n+ measures the delocalization energy from
bonds than their aryl equivalents, indicating the phenyl ring plays the oxygen lone pair on the acceptor to the it antibonding
an important role in the strength of the bond. The two iminium orbital on the donor. The near-linear correlation between this
cation models (MMA-DMSO and ICPA-DMSO) have very quantity and the hydrogen bond strength is shown in Figure 5.
strong hydrogen bonds along with short bond lengths and high (d) Atoms-In—Molecules Analysis (Table 3).The various
stretching frequencies. This is clearly due to the extra positive charge flows on dimerization calculated using the AIM method
charge on both donors. In DHMSA, the best PANI/CSA (Table 3) show a picture similar to that seen in the NBO section.
model in this work, Eqg ~ 39.5kJ mot?! per bond. This Nc and Ny decrease whilé\y increases, consistent with the
medium-strength hydrogen bond is therefore a fundamental partproposal that there is an increase in charge transfer from the
of the intermolecular structure of the PANI/CSA system. phenyl rings to the central nitrogen on creation of the hydrogen

(c) Natural Bond Orbital Analysis (Table 2). Geometry bond. However, the charge flow on the oxygen and sulfur atoms,
changes on hydrogen bonding between PANi and CSA modelswhich was almost negligible in the NBO analysis, is more
are of course only part of the story. The underlying electronic significant here ANp is negative, partly due to the creation of
configuration of the hydrogen bonds and neighboring groups the adjacent hydrogen bond, but alddNs is positive. The
is crucial in understanding the full nature of the system. The definition of the atom in AIM is the reason for the difference
changes in natural electronic population for each atom using between the two analyses. In NBO the atomic population is
the NBO method show a fairly consistent pictuxe.decreases  defined as the total population of the constituent natural atomic
while Ny increases, indicating there is charge transfer from orbitals for that atom. By contrast, in AIM each atom is defined
phenyl to nitrogen occurring on dimerization. The electrone- by a boundary condition wher&p = 0. This atomic basin
gative nitrogen also receives electron density from its adjacentincorporates any lone pairs associated with the atom, and hence,
hydrogen ANy is negative), though some of this will go to  AIM atomic populations will include LP contributions. In this
form the hydrogen bond. The oxygen and sulfur populations case, N is decreased on dimerization because the oxygen LPs
change relatively little, but their contribution is more compli- delocalize into an NH* antibonding orbital as shown in the
cated and explained in the AIM section. NBO section.

One of the advantages of the NBO method is the definition  The results of a topological analysis of the charge distribution
and analysis of distinct lone pair (LP) orbitals. This is around the eight hydrogen bonds are presented in Table 3. The
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Figure 5. Graph showing the correlation between the delocalization energy for the oxygen lone pairH® @nhtibonding orbital process
(S E@poy-n-++) and the hydrogen bond strengif).
TABLE 3: B3LYP/6-311++G(2d,2p)//BLYP/6-31G(d,p}
dimer ANc ANy ANy ANo ANs  €(HB) po(HB) Ae(N—C) ApN—C) Ae(N—H) Ap(N—H) Ae(O—S)

DMA—-MSA —0.010 +0.042 -0.107 -—0.088 +0.264 0.000 0.0252 +0.003 +0.0052 —0.012 —0.0078 —0.005
DMA-DMSO -0.008 +0.028 —0.065 -—0.063 +0.057 0.010 0.0197 +0.006  +0.0027 —0.003 —0.0022 —0.001
MMA -DMSO -0.016, +0.051 —0.099 -0.050 +0.162 0.029 0.0816 —0.006, +0.0121, —0.003 —0.0737  +0.018

+0.010 +0.035  +0.0055
DAZO-MSA —-0.027 +0.067 -—0.116 —-0.093 +0.271 0.009 0.0235 +0.013 +0.0096 —0.002 —0.0080 —0.001
DPA—MSA —0.015 +0.038 -0.113 -—-0.089 +0.280 0.032 0.0355 +0.008 +0.0085 —0.016 —0.0226 —0.003

DPA-DMSO —0.006 +0.030 —0.072 —-0.052 +0.095 0.021 0.0261 +0.004 +0.0046 —0.010 —0.0101  +0.009
ICPA-DMSO —0.009, +0.046 —0.100 -0.032 +0.138 0.036 0.0519 -0.006, +0.0073, —0.009 —0.0369 +0.018

—0.011 +0.013  +0.0063
DTC—MSA —0.009, +0.024, -0.091, -0.091, +0.287 0.047, 0.0259, +0.005, +0.0043, -—0.013, —0.0153, -—0.007,
—0.010 +0.026 —0.092 —0.096 0.011 0.0259 +0.006 +0.0056 —0.013 —0.0153  —0.008

aBond critical point ellipticitye and bond critical point density. in au. The table is divided into alkyl-based models followed by aryl-based
models.A values refer to the change in property on complexation. Where appropriate (a) two instances of one bond type are both reported and (b)
single bonds are followed by double bonds.

absolute value of the ellipticity, at the bond critical pointsin 4. Conclusions
most cases is near zero, and in particulgHB) ~ 0. This
indicates these bonds are singig¢ype bonds and circular in
cross-section. The exceptions to this (not shown) are the phenyl
C—C bonds, where ~ 0.2, indicating delocalized-type bonds,

After a thorough investigation into the structural and elec-
tronic changes that occur on complexation between polyaniline
and sulfonic acid models, a number of conclusions can be drawn.
. - The most important of these is that the creation of a hydrogen
and the PE-N bonds, yvherer %_0'1' This resul_t confirms that bond between the amine and sulfonic acid groups acts to
the Ph-N bonds are intermediate between single and double, j,cre 456 the ability of the phenyhitrogen-phenyl backbone
and is another indication that tesystem on the phenyl rings {4 transfer electron density. The consequences of applying this
delocalizes across the central nitrogen atom. The valugs of  yesylt to the macromolecular system are clear. The capacity of
(nOt ShOWn) indicate that all the bonds in the CompOUndS Studiedthe p0|yani|ine backbone to conduct e|ectricity can 0n|y be
are covalent as expected, the only exception being for the enhanced by the act of hydrogen bonding a sulfonic acid to it.
hydrogen bonds wherg,(HB) is small, typical of a weaker In addition, the mechanism of the enhanced transfer has been
interaction. Comparison gf; in the amines studied here with  shown to be most likely via an increase in the amount of
equivalent alkyl- and arylphosphirigeveals that the corre-  z-electrons in the phenyinitrogen bond. The influence the
sponding bonds in phosphines have lowgvalues, indicating various lone pairs play in the system cannot be underestimated,
they are more ionic in nature than those studied here. and their interactions within the system have been examined.

The changes im and p. upon complexation reported in the
remainder of Table 3 are mostly very small and less informative.  Acknowledgment. We thank the EPSRC and DERA for
Generally, in N-H and S-O bondse and p. are reduced, and funding 'th|s project. J.P.F. also thans Jamie Platts (University
in N—C bondse andp are increased. An increasing ellipticity of Cardl_ff) and Doug Fox (Gaussian Inc.) for several useful
of the N—C bond would generally point to an increase in its suggestions.
n-character. However, the effect is so small, even in BTC
MSA, and the same effect is observed in both the alkyl and References and Notes
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