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Protonation of Bipyridines and Their Vinylene—Phenylene-Vinylene Derivatives:
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Torsion analysis of the bipyridine (BPy) segment was carried out on the free and protonated bipyridines
(head-to-head) as well as their vinylenghenylene-vinylene (VPV) derivatives with semiempirical AM1
calculations to determine the configuration of protonated species. The hydrogen bonding energy has been
estimated through comparison of the energy barriers with those of the free base form. Intramolecular hydrogen
bonding plays an important role in the ring torsion where one nitrogen atom is protonated. Torsion potentials
are prodominated by repulsion between the positive charges where both nitrogen atoms are protonated. Proton
bonding to nitrogen has strong electron withdrawing effect. It stabilizes the HOMO and LUMO, with the
second being the most affected. Consequently, protonation decreases the HOMO/LUMO energy gap. These
protonation effects will be gradually reduced as the counterions come closer to the protons. The first transition
energies were calculated with ZINDO/SCI methods and compared with the AM1 calculated HOMO/LUMO
energy gaps at various torsion angles. The theoretical results support the ion-induced as well as protonation
induced red-shifting of both the absorption and emission maximum of bipyridine contained polymers.

Introduction ZINDO/SCI calculations are carried out to investigate the
evolution of the first transition energies as a function of the
ring torsion.

This effect is also studied while the bipyridine segment is
combined with the vinylenephenylene-vinylene (VPV) de-
rivatives to investigate the influence upon blending. The
protonation effect on the HOMO, LUMO, and the energy gap
between them was also investigated in the presence of the
counterions. The results show that positive charges on the proton

lay a very important role in the modification of the electronic

tructures of the molecules. A comprehensive understanding of
the effect of guest ions (protons and metal ions) on the electronic
structures of bipyridine-containing polymers was obtained. A

deprotonation processes on the electrooptical properties of . R S
bipr;/ri dine-conté)ining 0ol )Q—phenylene-vinylzne) dperi\F/)atives general structure of the polymers discussed in this paper is given
and stressed the importance of aggregation phenomena in" Figure 1 named PBPyVPV.

determining the electronic properties of the polymer films.
Protonation of the pyridine ring induces positive charge into
the system. The positive charge may also affect the electronic  The evolution of the electronic properties as a function of
properties as Wang et abointed out in their ion-induced red-  the torsion angle between adjacent rings has already been
shifting of both absorption and emission, although they con- established.Structures studied in this paper are shown in Figure
cluded that the conformational change of the polymer backbone 1. The steric interaction was mainly discussed on the bipyridine
plays a more important role than the positive charge on the metalpart of all structures. The labeling for all molecules of this part
ion does. Hydrogen bonding is another issue in bipyridine is the same as shown in free base form bipyridine (BPy). A
contained systefrand may be complicated by protonation. It general structure of the polymer mentioned in this paper was
affects inter-ring torsion through intramolecular or intermo- given. We first studied the torsion potential of the neutral
lecular interactions and consequently the electronic properties.bipyridine head-to-head (BPy), one-protonated bipyridine
In this paper, we did a theoretical investigation of protonation (BPy-1H") and two-protonated bipyridine (BPy-2Mto inves-
effects on hydrogen bonding and electronic structures throughtigate the effect of the protonation on the conformation of
ring torsion analysis of the protonated bipyridine head-to-head. bipyridine. The ionization potential (I.P.) values, the energy
The evolution of ionization potentials and HOMO/LUMO difference between HOMO and LUMO, and the first transition
energy differences as a function of the ring torsion is calculated energy were then illustrated as a function of the torsion angle.
with AM1 to estimate the effect ofi-electron delocalization By applying Koopmans’ theorem, the I.P. is simply taken as
on these electronic properties of the protonated systems.the inverse of the energy of HOMO. The same calculations were
then performed on three bipyridine contained derivatives. The
* Corresponding author. free base form is named BPyVPV shown in Figure 1. The one-
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Pyridine-based conducting polymers have received intense
investigation due to their facile n-doping (reduction) and their
ability to bind different guest species to the lone pairs of nitrogen
atoms of the pyridine rings:# The effect of the protonation of
bipyridine (BPy) contained polymers attracted particular interest.
Monkman et aP. studied the protonation effects on the photo-
physical properties of poly(2,5-pyridine diyl) and found that
the photoluminescence quantum yield (PLQY) in the solid state
and the observed shifts between solution and solid-state emissio
wavelength can be described using a simple ring torsion
argument. Eichen et lstudied the effect of protonatien

Methodologies
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Figure 1. The molecular structures of model molecules and the Figure 2. Potential energy curves associated with the torsion of two
repeating unit of PBPyVPV. pyridine rings in (a) BPy ), BPy-1H" (A), and BPy-2H (O); (b)

BPyVPV (@), BPyVPV-1H" (A), and BPyVPV-2H (O).

protonated derivative is named BPyVPV-1knd the proton ) ) )
is located on N2 The two-protonated derivative is named Whe_n the counterions eX|st,_they are located on the line
BPyVPV-2Ht. The torsion potential, I.P., the energy difference determined by the protonated nitrogen atom and the proton on
between HOMO and LUMO and the first transition energy were it. The distance between the counterion and the proton changes
illustrated as the functions of the twisting angle between two 10 28 A. In BPYVPV-1H, the ending pyridine ring was
pyridine rings. The ending pyridine ring was rotated keeping kept at the twisting e_lngle of 15@vnh the rest of the part where
another pyridine ring and the rest of the segment in the Samecoplanar. gonformatlon was imposed which corresponds to the
plane. This imposition was made on the basis of the torsion 9'0Pal minimum of the torsion curve. In case of BPyVPV2H
analysis performed on similar structufe€xcept this, all there are two counterions and t_he d|st§1n_ces to the corre_spondlng
geometries were fully optimized with the Hartreleock semiem- proton are set equal. The Qndmg pyridine ring was twisted by
pirical AM1 (Austin Model 1) at the RHF level. AM1 was GQ" .Wlth the other part which was kept coplanar (the global
reported to be the most suitable one to study hydrogen bofiding. Minimum of the torsion curve). The bond lengths and bond
Although there are reports that PM3 gave more accurate angles were fu_IIy qptlmlzed for each point on the reactlor_l path.
geometry for pyridine with respect &b initio calculations®11 The counterion s represented by a sparkle. Computationally,
the protonation of pyridine gives rise to the existence of the & SParkle is an integer "egla}“ve,‘?harg,dl at the center of the
hydrogen bonding, and AM1 has been successfully used in rep_ulsmn sphere of form @ ltis (_equwalgnt to borohydride
several hydrogen-bonding studi@s!4 It is also reported that ~ 'adical, halogen, or nitrate radicals with a zero heat of
ab initio studies of hydrogen-bonding systems are very sensitive atomization, no orbitals, and no ionization potgn%?al. )
to basis set and correction for electron correlation. The calculations were performed on a Silicon Graphics

The first transition energies (singtesinglet transition) were OcFane _RlOOOQ workstat|or_1 at the Computer %enter of National
calculated on the basis of the AM1 optimized geometries at Unlversnsyg of Singapore using the AMPAC 6:31and Hyper-
each torsion angle, using ZINDO/S (the electron interaction chem 4.5° packages.
terms expressed via the Mataga-Nishimoto potential) with singly
excited configuration interaction (CI. The singly excited
configurations were generated on the basis of 12 upper occupied A. Torsion Analysis and Hydrogen Bonding of Bipyridines
and 12 lower unoccupied molecular orbitals for bipyridines and (Head-to-Head). The potential energy curves of BPy, BPy-
24 upper occupied and 24 lower unoccupied molecular orbitals 1H" and BPy-2H associated with the torsion between two
for VPV derivatives in order to get stable and reproducible pyridine rings are displayed in Figure 2a. There is some steric
results. interaction between Nand H' (same as N and H) at O

Results and Discussion
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coplanar conformation as shown in the torsion curve of BPy. 7

The distance (N,—Hg'), estimated to be 2.51 A at this point,

increases to 2.75 A as torsion angles increased tpgiing a 6 1

global minimum around it. As the torsion angle increases further, 1

the potential energy is increased due to the loss ofrtekctron = 51

delocalization. After 90torsion, the potential increase is mainly E .

contributed from the steric interaction betweegddd H'. The § |

distances between these two atoms predicted by AM1 are 2.38 > 3

A at 135 and 1.87 A at 18Dconformations, respectively. The g ]

interaction between Nand H' predicted by AM1 is basically W,

steric interaction not hydrogen bonding. This accounts for

intermolecular hydrogen bonding playing an important role 14

in the orientation of polybipyridine (PBPy) (head-to-head, ;

model a)t 0 - . . — .
Protonation at M increases the torsion potential at 0 60 90 120 150 180

conformation as shown in BPy-IHorsion curve, due to the Torsion Angle (°)

appearance of the steric interaction betweerahid H'. The Figure 3. Intramolecular hydrogen-bonding energy as a function of

distancer (H,—Hg¢') is predicted to be 1.97 A at this point. t0r5+i0ﬂ angle between two pyridine rings in BPy-1@) and BPyVPV-
However, the torsion angle of the local minimum is quite 1H™ (4).

comparable with that of the global minimum of BPy, which is - tag| £ 1: Hydrogen-Bonding (in kcal/mol) Calculation of
also around 45 This means the steric interaction between H BPy-1H" at 18F Conformation

and H' exists in a shorter range compared with the steric Relative Energy

interaction between Nand H'. The distance between these two 60° 180° AE

atoms is predicted to be 2.46 A at®45lightly larger than twice

th der Waal di f hvd 24 A). The torsi BPy 0.38 4.17 —-3.79
e van der Waals radius of hydrogen ( % )._ e torsion BPy-1H" 3.30 0.58 279

potential begins to increase as usual after this point but reaches _

its maximum at 7@not 90 torsion. This is due to the formation Hydroge”‘ggrid'”g Energy

of hydrogen bonding betweentdnd N’ The global minimum

is driven to a more planar conformation with the torsion angle . . _— o

around 150. The energy barrier toward 18@rom this point the estimated hyd_rogen-bondlng contribution to the °180

was largely lowered from 2 kcal/mol in BPy to 0.6 kcal/mol in coplanar conformation.

BPy-1H'. The distances betweenyind N are 3.44 A at 7% The calculated hydrogen bonding in BPy-1tat 180

3.22 A at 90, 2.56 A at 138, and 2.42 A at 180 It can be conformation is 6.51 kcal/mol. This value is much closer to

observed that hydrogen bonding formed between the proton and6.7 and 7.3 kcal/mol, which are the experimentally measured

the unprotonated nitrogen plays an important role in the torsion ahd AM1 calculated “cyclization” enthalpies of protonated

potentia|s of the one-proton protonated b|pyr|d|ne diaminoethané? Note that 7.3 kcal/mol was obtained from
When both nitrogen atoms in bipyridine molecule are “method B”° which compared the enthalpies of the protonated

protonated, the energy barriers toward coplanar conformationsqiqmi”e in its bridged conformatjon with that of the same species

(at either O or 180) are largely increased due to the steric N itS best extended conformation.

interactions between hydrogen atoms. The repulsion between Actually this equation can be used at every point aftet 60

hydrogen atoms with more positive charge is reasonably largerconformation to calculate the hydrogen-bonding contribution

(at 180 conformation). This interaction plays an important role at various ring torsion. The calculated values are displayed in

in the torsion potential of the two-proton protonated bipyridine. Figure 3 as a function of the torsion angle. The calculated values
The torsion potential curves can be used to estimate the of its VPV derivatives are also shown for later discussion.

contribution of hydrogen bonding toward the 28€oplanar B. HOMO/LUMO Energy of Bipyridines (Head-to-Head).
conformation. Based on the above discussion, it can be seenFigure 4a displays I.P. of free and protonated bipyridines. As
that various interaction (steric and hydrogen bonding) does notare expected, they all increase as the torsion angles increase.
exist at the torsion angles ranged fronf 46 75 in potential For free bipyridine and the two-proton protonated ones, the
curves of BPy and BPy-1H Let's take the middle point 60 perpendicular conformations yield I.P. values which are-0.5

as the reference. Energy differences between this point arfd 180 0.6 eV larger than that of the coplanar conformations. The
conformation are mainly contributed fromelectron delocal- difference calculated using the same method for biphenyl is 0.76
ization and steric interaction ofg+Hg' in case of the BPy. In eV (ab initio >1 eV 7). While for one-proton protonated one,
addition to these two effects, hydrogen bonding between H the difference is smaller. It is probably due to the facts that a
and N/’ contributes to the energy difference in BPy-1Ht has one-proton substituted molecule breaks the symmetry of the
been concluded that the nitrogen lone pair electrons play nomolecule, and ther-electron conjugation at the coplanar
part in the aromaticr ring system® and that the protonation ~ conformation has already been reduced. Spatial distribution
only affects deep lyingd bond) state§.Based on this, the  patterns of the HOMO shows that unprotonated ring has larger
contribution ofz-electron delocalization to the energy difference contribution than the protonated one in BPy#1KDn the other
between 60 and 180 in BPy and BPy-1Fi should not differ hand, the reduction in the delocalization of positive charge
much. Suppose the steric interactions gfs are identical destabilizes the HOMO at larger torsion angles. This effect
in BPy and BPy-1H, the contribution of hydrogen bondingto  becomes very obvious in BPyVPV-ZHas its |.P. values

the 180 coplanar conformation can be calculated from the decrease as the torsion angle increases (Figure 4b) and will be
energy difference of BPy and BPy-tHhetween their 6Dand discussed later. The protonation stabilizes HOMO as the I.P.
180° conformations. Table 1 lists these relative energies and values largely increase from BPy to BPy-2HHowever, the
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Figure 4. The evolution of I.P. as a function of the torsion angle GM
between two pyridine rings in (a) BPiZJ, BPy-1H" (A) (shift down
by 3.0 eV), BPy-2H (O) (shifted down by 7.0 eV); (b) BPyVP\[J), 4 —

BPyVPV-1H" (A) (shifted down by 2.1 eV), and BPyVPV-2HO)

9 12 15 18
(shifted down by 4 eV). Y 30 60 0 0 0 0

Torsion Angle (°)
absolute values of HOMO for the protonated bipyridines are Figure 5. Evolution of the HOMO/LUMO energy differencAg =
too large without consideration of counterions. HOMO-LUMO) as a function of the torsion angle between two

The energy differenceAE between HOMO and LUMO at  Pyridine rings in (a) BPy (), BPy-1H" (A), and BPy-2H (O); (b)
the different torsion are displayed in Figure 5a. The ring torsion BPYVPV @), BPYVPV-1H" (A), and BPyVPV-2H (O). Larger
increasesAE for both the free base and the protonated markers represent the values corresponding to the global minima.
bipyridines. Due to the same reasons mentioned above, the effectalculated curve is displayed in Figure 3 together with that of
of the torsion oAE of BPy-1Ht is not significant. The values ~ BPy-1H" for comparison. The blending slightly lowered the
corresponding to the global minimum are labeled with a larger hydrogen bonding. In the case of BPyVPV-2Hhe potential
marker. Basically protonation decreages values and thisis  energy curve is quite different from the BPy-2HThe energy
consistent with the fact the fully protonated poly(bipyridine) barriers toward Dand 180 have a large decrease while toward
has a red-shift of its absorption maxima comparing with the 90° increased compared with corresponding two-protons pro-
free base form.The one-proton protonated bipyridine has even tonated bipyridine (BPy-2H). As mentioned before, interaction
smaller HOMO/LUMO energy difference. As mentioned before, between positive charges plays an important role in two-proton
an unprotonated ring has a larger contribution to the HOMO. protonated cases. This interaction should largely depend on the
Meanwhile, the protonated ring has a larger contribution to amount of the charges on the hydrogen atoms. The largely
LUMO. This makes the LUMO more stable than HOMO in reduction in the energy barriers toward coplanar conformations
the case of one-proton protonated bipyridine and consequently(both @ and 180) suggested that the positive charges on the
decreases their energy difference further. protons are delocalized upon the blending of the bipyridine

C. Torsion Analysis of Free and Protonated BPyVPVThe segment with VPV moiety. The reduction in the positive charge
torsion potential curves associated with the inter-ring rotation repulsion is also reflected in the increase of the energy barrier

of bipyridine while it is combined with the vinylerephe- toward 90 conformation which is attributed to the loss of the
nylene-vinylene (VPV) moiety are displayed in Figure 2b. The s-electron delocalization.

curves associated with BPyVPV and BPyVPV-1Hre quite The ionization potentials of free and protonated BPyVPV
similar to those associated with BPy and BPy*lid Figure are displayed as a function of torsion angle in Figure 4b.

2a. Energy barriers toward 00°, and 180 conformations are For BPyVPV and BPyVPV-1H, the ionization potential
nearly the same in the cases of blending in comparison with increases slightly as the torsion angle increases. In the case of
those of bipyridines. The same formula is used to evaluate the BPyVPV-2Ht, the ionization potential decreases as the torsion
hydrogen bonding of BPyVPV-1H as for BPy-1H. The angle increases. This is probably due to the loss of the
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TABLE 2: ZINDO/SCI Calculated CI Coefficients and Oscillator Strength f (a.u.) of various model molecules at Oand 9¢°
torsions

0° torsion 90 torsion
f ClI coefficient f ClI coefficient

BPy 0.5184 0.624(HOMEe-LUMO) 0.2224 0.482(HOMG-LUMO)
+0.411(HOMO-1-LUMO+1)

BPy-1H" 0.6042 0.683(HOME©-LUMO) 0.3569 0.585(HOMG-LUMO)

BPy-2H" 0.6909 —0.687(HOMO~LUMO) 0.4810 0.552(HOMG-LUMO)
+0.402(HOMO-1-LUMO+1)

BPyVPV 1.7459 —0.645(HOMG~LUMO) 1.3030 —0.641(HOMG~LUMO)

BPyVPV-1H" 0.4998 0.640(HOME-LUMO) 0.1348 0.654(HOMG-LUMO)

BPYyVPV-2H" 1.1343 —0.664(HOMO~LUMO) 0.2559 0.664(HOMG-LUMO+1)

First Transition Energy (eV)
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Figure 6. lllustration of HOMOs of BPyVPV-2H with the torsion
angle between two pyridine rings &t @he upper) and 90(the lower).

|
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delocalization of the positive charges. As shown in Figufé 6,
the spatial distributions of HOMO of BPyVPV-2Hare es-
sentially the same af@orsion and 90torsion, which are mainly
located on the VPV moieties. However, the net charges on VPV
moieties decrease when going frorfi €onformation to 90
conformations. The AM1 calculated values are 0.5421 eV and
0.4421 eV, respectively. This indicates that the positive charges
on the protons can be delocalized through conjugation. It can
stabilize the frontier orbitals like an electron withdrawing Figure 7. Evolution of the first optical transition energy (by ZINDO/
substituent. SCl calculations) as a function of the torsion angle between two pyridine
Figure 5b shows the energy difference between HOMO and fings in (&) BPy ), BPy-1H" (A), and BPy-2H (O); (b) BPyVPV
LUMO as a function of torsion angle of free and protonated (C0), BPYVPV-1H" (A), and BPYVPV-2H (O).
BPyVPV. In all cases, the differences become larger as the
torsion angle increase. This indicates that the HOMO/LUMO
energy gap AE = HOMO — LUMO) are more related with

First Transition Energy (eV)
N
o

-
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>

=
(=}

30 60 90 120 150 180
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be observed that all sequences and trends in the HOMO/LUMO
energy gap discussed above in Figure 5 are reproduced by those
n-electron delocalization and less with the positive charge of ZINDO/SCI calcula_t_ed first tran_sition energies. Table 2 lists
delocalization since the positive charge delocalization is quite the ZINDO/SCI transition properties at @nd 90 conforma-
different in all three cases. The protonation will reduce the fONns. The CI coefficients show that at Gonformations, the
energy difference between HOMO and LUMO. As two protons fIrSt fransition is mainly described by HOM&LUMO excita-
are added, the difference is reduced further. The proton appeargions for all model molecules. This contribution slightly
to be an electron acceptor substituent. It can stabilize the HOMO decreases when going frorfi @ 90° conformations, but is still
and LUMO with the second being the most affecté.onse- predominant at 90conformations in most of the cases. The
quently, the HOMO/LUMO energy difference is reduced as only exception is in BPyVPV-2H, which is predominated by
protons are added. This effect can be more correctly illustrated the HOMO—~LUMO+1 transitions at 90conformation. How-
by calculations in the presence of the counterions. ever, the transitions at other points on the curve mainly come
D. First Transition Properties by ZINDO/SCI. The ZINDO/ from HOMO—LUMO excitations. We can conclude that the
SCI calculated evolutions of the first transition energies as a HOMO—LUMO excitations predominate the first transition in
function of the torsion angles are illustrated in Figure 7. It could most of the cases we studied. This is true for most of the
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-1 of polymer (Figure 1) will induce red-shift in the UWis
absorption upon protonatidriThis may also be the reason for

N A\A\A\ﬁ\a\a\ﬁ the metal ion induced red-shifting of the polymérs.

Conclusions

In summary, we have carried out torsion analysis on the
energy barrier, ionization potential, HOMO/LUMO energy
difference AE = HOMO — LUMO) and the first optical
transition energy of free and protonated bipyridines (head-to-
head) as well as their vinylerghenylene-vinylene derivatives
to investigate the protonation effects. No intramolecular hydrogen-
bonding interaction exists in the free bipyridine (head-to-head)

Energy (eV)

-7

-9

-1 y T r . segment. When one nitrogen atom of the bipyridine segment is
0 2 4 6 8 10 protonated, intramolecular hydrogen bonding plays an important
Distance (Angstrom) role in the ring torsion. The hydrogen-bonding interaction can

Figure 8. The evolution of the HOMO (lower part) and the LUMO b(_a evaluated through the comparison.of the tor_sion potentials

(upper part) as functions of distances between the counterions andWith those of the free ba_se form. Wh||e both nitrogen atoms

BPyVPV-1H* (A) or BPyVPV-2H (O). are protonated, the torsion potentials are predominated by
repulsion between positive charges.

7.0 The protonation of the nitrogen atom appears to be an electron
acceptor on it. Both HOMO and LUMO are stabilized with the
6.5 4 second being the most affected. The blending of bipyridine
segment with vinylenephenylene-vinylene derivatives slightly
6.0 4 lowers the hydrogen-bonding interaction in BPyVPV¥1Hs
s well as largely decreases energy barriers toward coplanar
o 55 - conformations in BPyVPV-2H. This is attributed to the positive
< charge delocalization to the vinylerphenylene-vinylene
5.0 segments. The delocalization of positive charges is also affected
by ring torsion as shown in BPyVPV-2Hthat the ring twisting
45 decreases the ionization potential. The energy differentEs (
= HOMO — LUMO) are more affected by-electron delocal-
40 - ization than positive charge delocalization.

The first optical transitions of all the model molecules are
predominated by the HOMGLUMO excitations especially
near the coplanar conformations. As a result, bathochromic shift

0o 1 2 3 4 5 6 7 8 9
Distance (Angstrom)

Figure 9. The evolution ofAE (= HOMO — LUMO) as a function induced by protonation or metal ion coordinate of corresponding
of distances between the counterions and BPyVPV-1A) or polymers can be explained by the HOMO and LUMO proper-
BPyVPV-2H" (O). ties.

conjugated systems in their natural st&esd now we conclude In the presence of the counterions, the effect of the proto-
that it is also true for our protonated systems. nation is more correctly illustrated. As the counterions move

E. The Effect of Counterions. All the above results are  toward the protons, the HOMO, LUMO, and the energy
obtained from the calculations without consideration of the difference between them of the protonated BPyVPVs approach
counterions. Taking counterions into consideration, more un- 10 the values of the free base form. As the counterions move
derstanding can be obtained about the protonation effect on@Wway from the protons, these values approach to the limits which
UV—Vis behavior of bipyridine contained polymers. Figure 8 correspond to the values we obtained from BPyVPV-Htid
shows the evolution of HOMO and LUMO energy levels as a BPyVPV-2H" without consideration of the counterions.
function of the distance between the counterions and the protons.

They are all stabilized as the counterions move away from the _ Acknowledgment. We are very grateful to the Super-
protons and the limit should be the values obtained from the COMpPuter and Visualization Unit of Computer Center of
calculations without counterions as discussed above. On thelNational University of Singapore for using the IT resources.
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the HOMO and the LUMO energy levels will approach to those for a schplarsh|p and the Institute of Materials Research and
corresponding to the free base. Therefore, protonation will ENgineering for a top-up award.

stabilize HOMO and LUMO to some extent, depending on the
distance of the counterions. It could be seen from the slope of
the curves that the LUMOs are more affected than the HOMOs. (1) Yamamoto, T.; Maruyama, T.; Zhou, Z.-H.; Ito, T.; Fukuda, T.;

As shown in Figure 9, the evolutions of energy gaps between Yoneda, Y.; Begum, F.; Ikeda, T.; Sasaki, S.; Takezoe, H.; Fukuda, A.;
HOMO and LUMO are the same as those of the HOMO and K“b(ozt;"v';éf" Ag: %esr?élesﬁsdk?gﬁ 1'%6 (/?\2{14(8:%}71 504997 119 12
LUMO. Protonation reduces the energy gap to some extent, (3 Jenk?r{s, I H.; Rees, N. G.; Pickup, P. Ghem. Mater1997, 9,
depending on how far the counterion is. They approach to the 1213.
value of the free base form as the counterions move toward the ~ (4) Gong, X.; Ng, P. K.; Chan, W. KAdv. Mater. 1998 10, 1337.
protons and as the counterions move away from the protons, | C(r?gm“f%”h';";f‘g‘é;‘igg l"'&“;“z'_'\"'; Samuel, I. D. W.; Horsburgh, L. E.
the value approach to those obtained without the counterions. (g) Eichen, Y.; Nakhmanovich, G.; Gorelik, V..; Epshtein, O.; Poplaw-
This is in agreement with the experimental results of this kind ski, J. M.; Ehrenfreund, El. Am. Chem. Sod.998 120, 10463.
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