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The electronic spectroscopy of a series of controlled chain length permethylazine oligomers,
H;N[N=C(CH3)C(CH3)=N1]NH; (x = 1-5, 7, 11), is examined in solution and as thin films.
As the chain length is increased, evidence for the four 7 bands expected from the dimeric
repeat unit is found, and this is corroborated by Hartree—Fock calculations at the 6-31G*
level of the monomer (x = 1) and dimer (x = 2) in this series. In the thin film and in polar
solvents a delocalization limit of about four repeat units is suggested, in agreement with
FTIR results. Upon doping with gas-phase iodine, thin films of all of these oligomers (x >
2) develop the spectral signature of triiodide and this can be compensated for with ammonia
gas. FTIR analysis of the iodine-doped thin films show that the only observed change is the
development of a peak at 1505 cm™! and that the basic geometry of the oligomers is
unchanged. These results are interpreted as the formation of iodonium complexes bound to
the imine nitrogen. This eliminates the bipolaron interpretation of similar spectral features
found previously in iodine-doped polyazines since these oligomers are of insufficient chain

length to support a bipolaron.

Introduction

Linear polymers with extended conjugation have been
intensively studied in a variety of materials.!=2° One
fruitful avenue of study in these types of materials is
the spectroscopy of well-defined controlled chain length
oligomers which allows for observation of the develop-
ment of the electronic and geometric structure as a
function of the number of repeat units. Theoretical
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calculations reveal a chain length dependence of roughly
1/x on the bandgaps and ionization potentials of most
conducting polymers.2122 Recent studies on polyacetyl-
ene have indicated the conjugation length in this
material is on the order of 60 double bonds,?32¢ while
for other polymers such as polythiophene?? or polya-
niline?* the conjugation length appears to be much
shorter.

Our interests have been in the polyazine, [N=C-
(R)—C(R)=Nl,, family of polymers.?5-32 These materials
are formally isoelectronic to polyacetylene but, because
of the presence of the nitrogen atoms, have considerably
different properties, most notably good environmental
stability in both the pristine and doped states. The
electronic spectroscopy of polyazines is also expected to
be quite different from that of polyacetylene for two
reasons. First, the nitrogen atoms expand the number
of orbitals in the repeat unit so that as many as four
a—n* band-to-band transitions can be expected.?2 Sec-
ond, the lone pairs on the nitrogen atoms give the
possibility of n—m* transitions. An isolated imine
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Controlled Chain Length Permethylazine Oligomers

moiety typically has an n—a* transition in the range
220—240 nm with a molar absorptivity (in solution) of
about 100 L/mol cm3-% and a #—s* transition near 170
nm with a much larger absorptivity.3®¢ Conjugation of
the imine to either a diimine (N=C—C=N) or to an azine
(C=N—N=C) shifts the 7—a* absorption considerably,
to above 200 nm.?” Our result here show similar trends
but with the spectroscopic shifts stopping after about
four repeat units.

Iodine doping of polyazines leads to moderately
conducting materials.?®® On the basis of N NMR
results, we previously concluded that the charge carriers
were due to bipolarons (formally, dinitrenium ions)3! but
this has been challenged based on high-level theoretical
calculations.?® We report here that iodine-doped oligo-
mers and polymers have the same spectroscopic signa-
tures in both the UV and IR regions; since the oligomers
are too short to support bipolarons, it seems likely that
the charge carriers in the polymers are not dinitrenium
ions which could be expected to be stable only in the
presence of extended delocalization. Instead, we pro-
pose that the iodine forms iodonium ions stabilized by
complexation to the nitrogen atoms so that charge
transport in the iodine-doped polymers is along the
triiodide network and not along the polymer backbone.

Experimental Section

The permethyloligoazines (Ho2N[N=C(CH3)C(CH3)=N1,NH,,
x = 1-5, 7, 11) used in this study were prepared and
characterized by previously published procedures.? Solution
spectra were obtained in chloroform (Fisher optima used as
received), methanol (Fisher Optima used as received), and
hexane (Fisher Optima degassed with argon and dried over 4
A molecular sieves). Shorter chain oligomers dissolved readily
but the x = 7 and x = 11 species required 24—48 h of vigorous
stirring to reach saturation. Spectra were recorded between
1100 nm and the respective solvent cutoffs (240 nm for
chloroform, 205 nm for methanol, and 195 nm for hexane).

Thin films of each of the oligomers were prepared by spin-
casting chloroform or methanol solutions of the oligomers onto
optical quality quartz slides (NSG Precision Cells). Film
thicknesses were estimated to be from 0.01 to 0.2 um. For
the thinner films (x = 7 or x = 11), up to 100 spectra were
summed to achieve reasonable signal-to-noise ratios. Thin film
spectra were recorded between 1100 and 190 nm.

Powdered samples diluted in KBr or NaCl were used for
the FTIR analysis.

Doping and Compensation. Thin films cast on quartz
substrates were placed in a sealed glass chamber physically
separated from a layer of iodine crystals (Baker & Adamson
resublimed reagent grade used as received). The films were
allowed to react with the I, vapors at room temperature (21—
27 °C) for various lengths of time; typically fully reacted films
were obtained after 30—60 min. The films were then placed
under vacuum to remove excess iodine.

For FTIR analysis the samples were pressed into NaCl
pellets and reacted in the iodine chamber at room temperature
for 30—60 min.

Compensation with NHj;(g) was accomplished by mounting
a doped film in a glass chamber, purging with Ar for 15 min
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Table 1. Spectroscopic Results for
H:N[N=C(CHj3)C(CHj3)=N].NH; (imax in nanometers)

thin  Ip-doped

x hexane methanol chloroform film thin film

1 293
261¢ 265 269°%
222(sh) 222(sh)

2 360 380
300 301 299 315 300
266 275 273 270 223

210

3 302 303 302 319 374
269 273 272 277 300

4 310 302 307 314 369
273 272 275 270 298

226

5 308 302 305 316 373
271 270 271 272 301
226

7 311 306 305 310 367
273 272 273 271 300
225 222

11 306 302 303 307 364
272 270 270 266 299
230 225 222 216

PMPAZ: 306 308 310 368
272 275 269 298
222 223

% log € = 4.16 where ¢ is the absorption coefficient in units of
L/mol cm. ® log € = 3.97. ¢ PMPAZ = —[(N=C(CHj3)C(CH3)=N)o.97
(N=C(CH3)C(CH;CH>CH3)=N)o.03]:—; data taken from ref 32.

and then charging the chamber with anhydrous ammonia
before sealing up to 48 h.

Instrumentation. The UV-—vis spectra were recorded
between 1100 and 190 nm on a Perkin-Elmer A2 spectropho-
tometer operating in the double beam absorbance mode and
employing the 2 nm curve smoothing function. IR spectra
were obtained on a Perkin-Elmer Model 1650 FTIR spectrom-
eter between 400 and 7800 cm™! utilizing 2 cm™! resolution
and a N; purge.

Calculations. Hartree—Fock calculations were run using
G902 with a 6-31G**° basis set at the HF/6-31G*/HF/6-31G*
level on a VAX 4000 computer. Full geometry optimization
was employed, but to reduce the size of the calculation, no
methyl substituent groups were used.

Results and Discussion

The results for the UV—~vis spectra for all of the
samples studied are summaried in Table 1. Except for
the monomer (x = 1; 2,3-butanedione dihydrazone,
BDDH), all of the spectra are essentially solvent inde-
pendent. This suggests that all of the observed reso-
nances arise from 7—7* transitions.

The BDDH spectra in hexane (shown in Figure 1) and
methanol are similar: an intense maximum near 265
nm with a distinct shoulder at 222 nm. BDDH is a
planar, Cz,, molecule?® and is expected to have only a
single low energy #—a* transition. Further, the lone
pairs on amine nitrogens can conjugate into the x
system causing a red shift of the absorption from a
typical value found in a diimine. Thus, the major
absorption at 265 nm is assigned as a 7—x* transition
and the shoulder is assigned as an n—=z* transition. In
chloroform an additional peak is found at 293 nm. The
origin of this transition is not known. It may arise from
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Figure 1. UV—vis spectra of hexane solutions of HoN[N==C-
(CH;)C(CH3)=N1.NH:; oligomers. The low energy absorption
peak red shifts for x = 1 to x = 4 but little change is seen for
x > 4,

the formation of 7 dimers or some other weakly associ-
ated species. However, it is not due to oligomerized
impurities since a chloroform solution of BDDH could
be evaporated and redissolved in methanol to give a
typical methanol spectrum having no features at 293
nm.

As demonstrated in Figure 1, for all of the oligomers
a similar spectrum in hexane is found: two major
features near 300 and 275 nm, a weak peak or shoulder
near 225 nm, and a shoulder near the high-energy
spectral limit with an intensity that depends noticeably
on the chain length. In addition to the solvent invari-
ance, added glacial acetic acid had no effect on the
spectral features for any of these samples (a similar
experiment for BDDH caused rapid decomposition in
solution so was not informative) suggesting that all of
the major peaks are primarily #—x* transitions with
n—n* transitions hidden underneath the absorption
envelopes.

As the chain length is increased there is a slight
variation in both the Anax and the relative intensities
of the two major peaks. Except for x = 5, the intensity
of the low-energy peak increases relative to that of the
high energy peak as the chain length increases. More
importantly, the peak maxima also red shift fromx =1
to x = 4, and then no further shifts are found. This is
shown in Figure 2 where the energies of the peak
maxima are plotted as a function the inverse of the
number of repeat units. The plot levels off at roughly x
= 4 for both maxima (and is essentially the same as
found in polymers,®? as indicated in Table 1) indicating
that the conjugation length in polyazines is about eight
double bonds. This is significantly less than the 60
double bonds estimated for polyacetylene and is a
reflection of the importance of the nitrogen atoms in
influencing the electronic properties in this polymer.

To better support our spectral assignments, Hartree—
Fock calculations were performed on x = 1 and x = 2
molecules with no methyl substituents. These results

Sherman et al.
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Figure 2. Plot of the peak maxima vs the inverse of the
number of repeat units. The solid lines are drawn as guides
for the eye and show the break at x = 4 for both absorptions.
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Figure 3. Energy level diagram in the valence region for x =
1 (HN=CHCH=NH, C;H:N; and H;NN=CHCH=NNH,,
C:HeNy) and x = 2 (H;2NN=CHCH=NN=CHCH=NNH,) oli-
gomers at the HF/6-31G*/HF/6-31G* level. Orbitals are
labeled as lone pair (n) or 7 as well as their irreducible
representation in Cy, symmetry.

are presented in Tables 2—4 and Figure 3. These
calculations show that for BDDH (CyHgNy in Figure 3)
the two lowest allowed transitions should be 7—x*
(23bg? — 23bg'24a,!, 1A, — 1B, in Cy) and n—n* (21a,2
— 2lag'24a,!, 'A; — 'Ay), as assigned. The dimer
(C4HgN; in Figure 3) has a significantly reduced HOMO—
LUMO gap, three allowed m—a* (37b,2 — 37bg'38a,’,
34bg% — 34b,'38a,!, and 36a,2 — 36a,'39b,!, all 'A, —
By) transitions, and two n—n* (35a,%2 — 35a,'38a,!, and
33a4? — 33a,138a,!, both A, — 'A,) transitions, all in
roughly the same energy regime. Although we find no
convincing evidence for an n—z* feature in the dimer
spectrum, these could be expected to be buried under
the #—n* absorptions. Thus, the theoretical calcula-
tions are in full support of our spectroscopic assign-
ments.
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Table 2. Molecular Orbitals in the Valence Region for H3N2=C!'H4CH=NH
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orbital energy (eV) wave function?® comments

1la, —-16.4079 +0.3244C1(2px1) — 0.1138C1(2py(2) + 0.1122C1(2py1)) C-No
—0.2228Na(2py(1)) — 0.1208N2(2py2)) — 0.1831N2(2py1))
+0.1298N2(2s(2))

12a, —13.8804 +0.2786C1(2p21)) + 0.1746C1(2p.2)) imine 1
+0.2703N2(2p,1)) + 0.1951N2(2p.(2))

13by —12.3144 —0.1219C1(2px1)) — 0.1991C1(2s(2)) lone pair
+O.3796N2(2py(1)) + 0.2896N3(2py2)) n-
—0.1124N5(2s(1,) — 0.1904N2(25(2))

14a, -11.5291 +0.1904C1(2py)) lone pair
—0.3181Na(2py1)) — 0.2592N2(2py2)) n+
+0.2361N2(2s2))
—0.1136H3(1s1)) + 0.1351H4(1s(1)) + 0.178TH4(1s:9))

15bg -11.3561 +0.2266C1(2px1)) + 0.177301(2pz(2)) imine
+0.3373N2(2p.1)) + 0.2730N2(2p.2)

16a, 2.9441 —0.2470C1(2p;1)) — 0.3734C1(2p.2)) imine 7*
+0.3122N2(2p1) + 0.2730N2(2p.c2,)

17by 6.3394 —0.3507C1(2px2)) — 0.1279C1(2py1)) — 0.2439C1(2py2)) o*
—0.5525C1(2s(2))
+0.2867N2(2px2)) — 0.3137TN22py2))
—0.957T9Nx(2s(2))
+1.0562H3(1s(2,) + 0.7088H4(1s2))

18a, 6.8781 +0.3410C1(2px2)) + 0.1350C1(2py1;) + 0.6690C1(2py2)) o*

+0.3652C1(2s(2))

—0.1580N2(2px1)) — 0.2716N2(2p.2) + 0.2919N2(2py2))
+1.1362N2a(2s2))

“1.1121H3(1S(2)) - 0.8681H4(1S(2))

¢ The Gaussian basis for the C and N 2s and 2p and the H 1s orbitals are split into two parts labeled with subscripts (1) or (2). The
z axis for these orbitals is perpendicular to the plane of the molecule. Only basis orbitals with coefficients greater than 0.1 are given.
Atoms are labeled as the superscripts given in the title molecule and the other half of the molecular orbital function can be found by
using the symmetry (as given for the Ca; point group).

Table 3. Molecular Orbitals in the Valence Region for HSH*N*N2=C!HSCH=NNH:

orbital energy (eV) wave function?® comments

19b, —14.6836 —0.1097C1(2pz1y) imine +
—0.2328N2(2p;1)) — 0.1504Na(2p,2)) amine lone
—0.2896N3(2p.1)) — 0.2148N3(2py2)) + 0.1052N3(2s(1)) pair 7

20by, —-12.0426 —=0.1070C1(2px1)) — 0.1020C1(2py1)) — 0.1087C1(2s(2)) imine lone
+0.3765N2(2py1)) + 0.2851N2(2py2)) pair
—0.1036N2(2s(1)) — 0.2053Na(2s(2)) n-
—0.1255N3(2py1))

21a, —11.7648 —0.1611C1(2py1)) imine lone
+0.3111N3(2p,y1) + 0.2419N2(2pyz) — 0.2334N2(2s(2) pair
—0.1173H¢(1s(1)) — 0.1584Hg(1s52)) n+

22a, -10.9838 —0.2151C1(2p.1)) — 0.1559C1(2p,2)) imine +
+0.1014N2(2p,10) amine lone
+0.3092N3(2p21)) + 0.2774N3(2p.2)) pair

23b, —8.6873 +0.2216C1(2p.1)) + 0.1851C1(2p.(2)) imine +
+0.2523N2(2p21)) + 0.2232N2(2p.(2)) amine lone
—0.2759N3(2p.1)) — 0.2698N3(2p,2) + 0.1088N3(252)) pair &

24a, 3.5466 —0.2182C1(2p,1)) — 0.3476C1(2p.2)) imine 7*
+0.3394N2(2p,(1) + 0.4559N2(2p.(2))
—0.1266N3(2p.2)) + 0.2062N3(2s2))
—0.1834H4(1s¢))

25b, 6.0414 +0.1083C1(2p,1) + 0.2625C1(2p.2)) — 0.1033C1(2px2) o*
—0.2181C1(2py2)) — 0.3479C1(2s(2))
‘0.1347N2(2pz(2)) - 0.1023N2(2px(2))
—0.25O7N3(2p2(2)) + 0.1601N3(2px(2)) - 0.1850N3(2py(2))
—1.1151N3(2s(9))
+0.9011H4(1s(2)) + 0.6198H;(1s(2)) + 0.4104Hg(1s9;)

263g 6.4822 +0.1788C1(2py2) + 0.381901(2py(2)) — 0.1173C1(2s(2)) g*

—0.1179N2(2pz2)) + 0.2439N2(2pec2)) + 0.2608N2(2s:2))
+0.1167N3(2pz1)) + 0.3697N3(2pc2)) — 0.1879N3(2psc2)
+1.2999N3(25(2))

—0.8785H,(1s12)) — 0.8612H5(1s125) — 0.1930Hs(1812,)

@ The Gaussian basis for the C and N 2s and 2p and the H 1s orbitals are split into two parts labeled with subseripts (1) or (2). The
z axis for these orbitals is perpendicular to the plane of the molecule. Only basis orbitals with coefficients greater than 0.1 are given.
Atoms are labeled as the superscripts given in the title molecule and the other half of the molecular orbital function can be found by
using the symmetry (as given for the Ca, point group, which is the approximate symmetry).

Figure 3 also compares the effect of the amino end
group. The molecular orbitals of a diimine with H
terminators (CoHyN2 in Figure 3) have significantly
different energies. The lone pair of the amine termina-
tors conjugate into the 77 system causing the two filled

7 orbitals and the lowest energy empty «* orbital to rise
in energy. This confirms that the unusually low-energy
transition found in BDDH is a result of the end group.
This effect should diminish as the chain length increases
and the relative importance of the end group decreases.



810 Chem. Mater., Vol. 7, No. 4, 1995

Sherman et al.

Table 4. Molecular Orbitals in the Valence Region for HSH*N3N2=CHéC?H'=N‘N=CHCH=NNH,

orbital energy (eV) wave function® comments
33a, -12.1003 +0.1399C1(2py1y) + 0.1098C4(2p.1)) end imine
—0.3465N2(2p,1)) — 0.2641N2(2py2)) n-
—0.1025N2(2S(1)) - 0.2235N2(2S(2)) + 0.1121N3(2py(1))
—0.1056H4(1s(1)) — 0.1228Hs(1s(2))

34b, —11.6913 +0.1408C1(2p.1)) + 0.2132C2(2p1)) + 0.1514C2(2p.2)) imine +
+0.1112N2(2py1) amine
—0.2254N3(2pz(1)) - 0.1983N3(2pz(2)) lone pair
+0.1763N4(2p.1)) + 0.1329N4(2p.c2)) T

35a, —-10.5972 —0.1035C2(2py1) central
+0.4139N4(2py1y) + 0.3281N4(2py2)) — 0.2208N4(2s(2) imine n-
—0.1412H7(1s(2))

363.u —-10.0315 —0.232101(2})2(1)) - 0.182401(2pz(2)) imine +
—0.1712Na(2p,1)) — 0.1451N2(2p,2)) amine
+0.2846N3(2p.1)) + 0.2667N3(2p.2)) lone pair
+0.1076N4(2p.1)) T

37bg —8.5820 —0.1694C1(2p.1)) — 0.1455C1(2p.(2)) imine +
+0.1814C2(2p,1)) + 0.1533C2(2p.(2)) amine
—0.1912Na(2p,1)) — 0.1698N2(2p.c2)) lone pair
+0.2070N3(2p.1)) + 0.2047N3(2p22)) T
+0.2234N4(2p,1)) + 0.1927N4(2pz2))

38ay 2.2652 +0.1113C1(2p.1)) + 0.1797C1(2p22y) T*
+0.2440C5(2p,(1)) + 0.3161Ca(2p,(2))

—0.2427N2(2p.1)) — 0.3091N2(2p.2)
+0.1118N3(2p.2)) — 0.1066N5(28(2))
‘0.1883N4(2pz(1)) - 0.2439N4(2pz(2))

39b, 4.2527 —0.2012C1(2p.1)) — 0.3421C1(2px2)) a*
—0.1394C2(2p.c2)
+0.2654N3(2p,1)) + 0.3771Na(2p.2))
+0.2338N3(2s2))
+0.2366N4(2p;1)) + 0.3138N4(2p.(2))

_0.2196H4(15(2)) - 0.10041‘15(15(2))
40ag 6.0540 —0.171501(2}')2(2)) - 0.139201(2});(2)) - 0.282801(2py(2)) o*

+0.1478C1(2s(2)) + 0.1929C2(2p.2)) + 0.1802Cq(2s2))
~0.1514N2(2py(2)) + 0.1684N2(25(2))

+0.2688N3(2p.c2)) + 0.1719N3a(2p.c2) — 0.1607N3(2py2)
+1.1659N3(2s(2))

—0.8984H4(1s(2)) — 0.6845H5(1s(2)) — 0.3121He(1s(2))

¢ The Gaussian basis for the C and N 2s and 2p and the H 1s orbitals are split into two parts labeled with subscripts (1) or (2). The
z axis for these orbitals is perpendicular to the plane of the molecule. Only basis orbitals with coefficients greater than 0.1 are given.
Atoms are labeled as the superscripts given in the title molecule and the other half of the molecular orbital function can be found by
using the symmetry (as given for the Cg, point group, which is the approximate symmetry).

As the chain length increases the x orbitals found in
the dimer must start forming “bands” by x = 4 oligomers
and further increases in chain length only change the
density of states and not the energies. Further, the
highest energy absorptions, below 230 nm, are likely
associated with transitions between occupied bands to
the second LUMO band, as suggested previously for
propyl substituted polyazines.3?

The situation changes quite dramatically when the
oligomers are cast as thin films, as shown in Figure 4.
Optical quality films of the monomer BDDH could not
be achieved by spin-casting and the crystalline nature
of the dimer led to irreducible spectra, depending on
casting solvent and spinning speed; we presume this to
be a nonpreferential and uncontrolled alignment of
crystallites upon deposition onto the quartz slide. The
major changes in the dimer spectra cast under differing
conditions were in the relative intensities of the peaks
while peak positions only changed slightly. The longer
chain oligomers (x > 2) are largely amorphous so the
results were completely reproducible. As can be seen
from Figure 4 and Table 1, the spectra forx = 4, 5, 7,
and 11 are all essentially the same as the polymer (the
spectrum labeled PMPAZ in Figure 4, shown for com-
parison purposes, is a polyazine with about 98.5%
methyl substituents and about 1.5% propy! substituents
used to give the material solubility). Thus, as concluded
from the solution spectra, the conjugation length in

Thin Films
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Figure 4, UV—vis spectra of thin films of H,N[N=C(CHj3)C-
(CH;3)=N1.NH; oligomers. The spectrum labeled PMPAZ is for
a polymer (x > 20) containing about 1.5% propy!l substituents
shown for comparison purposes.

polyazines is about four repeat units, or about eight
double bonds.
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Figure 5. UV-—vis spectra of thin films of HoN[N=C(CH3)C-
(CH3)=N1NH; oligomers doped with gas-phase iodine. The
spectrum labeled PMPAZ is for an iodine-doped polymer (x >
20) containing about 1.5% propyl substituents shown for
comparison purposes. All samples had been pumped exten-
sively after reaction to remove free I,.

The peak maxima of the thin film spectra do not show
any region with a 1/x dependence, in contrast to the
solution results. This indicates that the molecules are
interacting with each other to some degree in the solid
state. This conclusion is further justified by the obser-
vation that in the solution spectra the lower energy peak
is generally found to be more intense than the higher
energy peak; the reverse is true in the thin film spectra.
This is consistent with the observation of 7 dimers in
oligothiophenes.*!

The thin films of these oligomers readily absorb and
react with gas-phase iodine. After pumping to remove
free, unreacted iodine the doped films are stable and
give the spectra shown in Figure 5. All of these films
have the major absorption near 300 nm and a second
feature between 360 and 380 nm. These peaks are
characteristic of the '%,™ and !II, transitions of I3,
respectively.#274¢ The spectral features due to the
conjugated imines are either gone or buried under the
triiodide spectra. Thus, even in the shortest oligomers
(x = 2) with as few as four double bonds, charge transfer
has occurred. Since it is unlikely that a polaron or
bipolaron would be stable for these short chain lengths,
the cation must result from some process other than
oxidation from the = orbitals or bands.

The Is-doped thin films can be compensated with NH;
gas. The reaction of the triiodide with ammonia com-
pletely removes the characteristic spectrum of the I3~
and regenerates the spectrum characteristic of the
conjugated imines, albeit at lower intensity. This
process can be cycled several times with successive loss

(41) Hill, M. G.; Penneau, J.-F.; Zinger, B.; Mann, K. R.; Miller, L.
L. Chem. Mater. 1992, 4, 1106.

(42) Popov, A. L; Swenson, R. F. J. Am. Chem. Soc. 1955, 77, 3724.

(43) Gabes, W.; Stufkens, D. J.; Gerding, H. J. Mol. Struct. 1973,
17, 329.

(44) Gabes, W.; Stufkens, D. J. Spectrochim. Acta 1974, 30A, 1835.
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Figure 6. FTIR spectra of HoaN[N=C(CH3)C(CH;3)=N].NH,
oligomers diluted in KBr pellets. The spectrum labeled
MMPAZ is a polymer (x > 45) shown for comparison purposes.

of the film, so either doping or dedoping is partially
destroying the film. However, the observation that
cycling can occur indicates that the imine structure is
intact in the film that does remain on the surface.

To corroborate our structural conclusions, FTIR spec-
tra of the oligomers were measured. Figure 6 shows
the FTIR spectra between 1000 and 1700 cm™! of these
oligomers diluted in KBr pellets. The spectra for x > 4
are all essentially identical, again indicating that the
conjugation length in these materials is about 8 double
bonds. As the chain length is increased, the major
changes in the IR spectrum are found in the 1550—1650
and the 1050—~1150 cm™! regions. The peaks found
between 1550 and 1600 cm™! are due to the C=N
stretch, peaks found between 1600 and 1650 cm™! are
due to N—H rocking motions of the end groups (so
become relatively less important as the chain length
increases), and the peaks between 1050 and 1150 cm™!
are unassigned but are probably associated with single
bond vibrations along the molecular backbone. The
imine stretches are found at 1577 ecm™! forx = 1, 1576
and 1594 cm~! for x = 2, 1590 cm~! with a shoulder at
about 1575 cm™! for x = 3, and 1588 + 1 cm™! for all of
the other materials. Thus, the end group imine stretches
are found at 1576 cm™! and the imine stretch in the bulk
of the oligomer is found at 1588 cm~!. The initial
inclination in interpreting these values is to suggest that
the conjugation between the imine and the end-group
lone pair is more effective than the conjugation between
imines along the chain. However, this is contradictory
to the UV spectral results that clearly show shifts
associated with conjugation even as the end groups
disappear. A more likely interpretation is that the end-
group imine stretches couple to the N—H rocking of the
terminators (the IR allowed imine stretch in BDDH is
of by symmetry as is one of the N—H rocking motions),
shifting both resonances from the expected values near
1610 cm~!. The unassigned peaks between 1050 and
1150 cm™! also confirm the conjugation length: there



812 Chem. Mater., Vol. 7, No. 4, 1995

I, Doped Oligomers NaCl Pellets

T 1 T T T T

MMPAZ

-~

b

N x=11

=

E

s x=7

=

o

& x=5

=

]

'E x=4

[~

@

F-)

< //\/\/-\j x=3
x=2

1600 1400 1200 1000

Wavenumbers (cm'l)

Figure 7. FTIR spectra of HoN[IN=C(CH3)C(CH3)=NLNH:
oligomers diluted in NaCl pellets and exposed to I vapors.
The spectrum labeled MMPAZ is a spectrum of an I,-doped
bulk polymer (x > 45) in a KBr pellet with a stoichiometry of
0.6 iodine atoms/repeat unit shown for comparison purposes.

are two peaks in the monomer (1085 and 1128 em™!),
dimer (1108 and 1134 cm™1), and trimer (1130 (sh) and
1113 ecm™!) with decreasing separations but for x = 4
and longer chains there is a single feature (1120 cm™1).

These materials (except BDDH, where the monomer
completely decomposed) were doped with iodine in NaCl
pellets (NaCl was chosen for this experiment to mini-
mize the possibility of I; reacting with the halide and
altering the host lattice), and these spectra are shown
in Figure 7. The spectra of the I reacted materials are
similar to the unreacted starting materials except for
these two observations: the resolution is decreased
sufficiently so that the doublets found in the undoped
oligomers (x = 2 and x = 3) are now single peaks, and
in all of the spectra a new peak is found at 1505 cm™1.
Originally in the polymer, this peak was assigned to a
bipolaron absorption?® but this is not likely in these
short-chain oligomers.

To account for the observations, the reaction between
these azine oligomers and iodine must be a dispropor-
tionation of Iz into It and I3~ with the role of the azines
being to stabilize the I by complexation. The I* could
bond to the azine through a nitrogen lone pair (similar

Sherman et al.

to the pyridine-I; complex*5) or the imine z bond:

~

)
/\ [N
VN

14—:2

o interaction T interaction

either structure could lead to a weakened imine bond
(through a p, — #* backbond in the ¢ interaction or by
directly attracting the electron density from the imine
to the I* in the & interaction) accounting for the 1505
cm™! IR peak. This implies that the conductivity found
in the polymers is probably due to the iodine (as in
iodine-doped poly(isoprenes)*® and poly(propylene ox-
ides)*”) and not a mobile charge carrier on the polymer.
Unfortunately, we were unable to test this hypothesis
on Is-doped oligomer thin films because in all cases the
conductivity was below detection limits on our instru-
ment,.

Conclusions

UV—vis and FTIR spectroscopy on a series of con-
trolled chain length oligomers of methyl-substituted
polyazines has shown that the conjugation limit in these
materials is about eight double bonds, significantly less
than found in polyacetylene. The electronic spectro-
scopy originates entirely from m—x* transitions in all
of the materials with more than one repeat unit. The
n—m* transitions found in the monomer and suggested
by the Hartree—Fock calculations were not observed.

Todine doping of the oligomers led to the presence of
triiodide in the UV—vis spectra and similar IR changes
in all cases. To account for this, an azine assisted
disproportionation of Iy was proposed. The role of the
azine was thought to be stabilization of the iodonium
ion by complexation. This implies that the azine oligo-
mers (and, consequently, the polyazines since all the
spectral features are the same) do not form charge
carriers and that any conductivity found in these
materials is due to the iodine. Further experiments to
confirm this hypothesis in the polymers are in progress.
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