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THE MECHANISMS OF THE POLYMERIZATION
REACTIONS IN DIACETYLEMNE CRYSTALS:
ESR-ANALYSIS OF THE PARAMAGNETIC REACTION
INTERMEDIATES

HANS SIXL AND WERNER NEUMANN
Physikalisches Institut, Teil 3, Universitéat
Stuttgart, D-7000 Stuttgart 80, West Germany

Abstract The mechanisms of the solid state
polymerization reactions in diacetylene
crystals have been investigated by ESR-spec-
troscopy. The electronic structure of the di-
radical, carbene and dicarbene intermediates
of the low-temperature photopolymerization
reaction of diacetylene crystals have been
analyzed. From the chain-lengths dependent
ESR fine structure and from the isotropic
hyperfine structure detailed information con-
cerning the radical and carbene wavefunctions
were deduced. A multiplicity change from S=1
to $=2 occurs at the hexamer intermediates.

INTRODUCTION

During the solid state polymerization reaction
monomer crystals of disubstituted diacetylenes
(R-CZC-C=C-R) are converted to highly perfect
polymer crystalsl’z. The primary photochemical
processes occuring in the course of the low-tempe-
rature photopolymerization reaction have been in-
vestigated very recently by ESR®™® and optical
absorption spectroscopy 17, They are characterized
by the photoinitiation, the chain propagation and
the chain termination reactions.

A simple reaction scheme is shown in Figure 1.
Upon UV-irradiation into the monomer absorption
band in a first step dimer diradical molecules are
generated. In successive reaction steps further
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monomer molecules are added thermally (upon annea-
ling at about 100 K) or optically (upon direct
photoexcitation of the adjacent monomer molecules).
In the chain termination reactions (not shown in
the figure) the reactive chain ends are transfor-
med into unreactive configurations by removal of
the radical electrons.
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FIGURE 1. Low-temperature polymerization

reaction of diacetylene crystals.

The reaction intermediates of this extraordinary
solid state reaction have been correlated to
dimer, trimer, tetramer molecules etc. with
different chemical structures. The physical pro-
perties of the reactive short chain intermediates
are best characterized by the approximate struc-
tures represented in Figure 2. These structures
give the principal contributions to the real
structures of the DRp, DCp and AC, intermediates.
The length of the oligomer molecules is deter-
mined by the number n of monomer units. The di-
radical (DRp) with 2=n25 and the dicarbenes (DCp)
with n=8 show a symmetric configuration. The meso-
meric butatriene and acetylene structures are ex-
pected to be mixed. However at short chain lengths
only diradicals are observed. At the other side

at long chain length only dicarbenes are present.
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In order to obtain a deeper insight into the
reaction mechanisms of the polymerization reac-
tion and to elucidate the real electronic struc-
tures of the AC,, DR, and Dc, intermediates as
well as the transformation of the DR intermedia-
tes into the DC intermediates at n=6, we have
performed a careful ESR study of the fine struc-
ture and hyperfine structure of the individual
intermediate states. We will show that the change
of the DR, intermediates to the DC, intermediates
is continuous. In the carbene-like configurations
of the AC and DC states the p, electron is delo-
calized over about two monomer units at the chain
ends, mixing carbene configurations with diradical
configurations.

AC, S=1 AC
n
R .
. / asymmetric
(a) L-C C{C\/C—C-C}C/\R\ ] carbenes
R C=C—Cac’
n—-2 R
DR, 5=0 DR _:
S=1 n
R
(b) :C=C=C:C/ R diradicals
R c=C=C=C R
R C=C=C=C
n-—2 R
DC, S=0
S=1 DC :
s=2 n

. R
(c) /C—C!C—C/ R dicarbenes
R ¥C—C=C—C . R
R XC—C=C—C
R L]
n—-2

FIGURE 2. Paramagnetic reaction intermediates of
the solid state polymerization reaction. $=0,1,2
are the spin quantum numbers, corresponding to
singlet, triplet and quintet states.
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FIGURE 3. ESR-spectra of the paramagnetic reac-
tion intermediates of the low-temperature photo-
reaction in diacetylene crystals.

(a) after UV-irradiation

(b) and (c) after thermal annealing at T=100 K.
ACy, refers to leng-chain asymmetric carbene
molecules with n > 20.
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FIGURE 4. Energy level splitting in a magnetic
field B, parallel to the x-axis of the fine struc-
ture tensor. The ESR transitions correspond to the
ESR spectra of Figure 3. The following fine struc-
ture parameters are used in the calculation.

DR: D/hc=0.0393 cm-1, E/hc=-0.0016 cm-1,
AC: D/hc=0.2954 cm—!, E/he=-0.0060 cm~1,
DC: D/hc=0.2960 cm—1, E/hc=-0.0040 cm-1.

The D values of the DC states refer to the triplet
carbene ends. The singlet-quintet energy separation,
which enters into the calculatione, is Eg /hc=

4.5 cm-1, The energy scale of the Figure is deter-
mined by the arrows, indicating the ESR transitions.
The lengths of the arrows is given by 0.314 cm-1,
corresponding to a microwave frequency of 9.30 GHz.
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EXPERIMENTAL RESULTS

Fine Structure

Typical ESR spectra of the reaction intermediates
of the low-temperature photopolymerization reac-
tion are shown in Figure 3. The spectra (a), (b)
and (c) only show a selection of the numerous
intermediates observed after UV- irradiation
(308 nm) with an excimer laser (a) and after
thermal annealing (b) and (c) of the diacetylene
monomer crystal. Three types of intermediates can
be distinguished. The DR triplet states (a), which
show a small fine structure splitting between the
two Am=1 ESR lines, the AC triplet states (c),
which show a large fine structure splitting bet-
ween the two Am=1 ESR lines and the DC guintet
states (b), which also show a large fine struc-
ture splitting between the four Am=1 ESR lines.
The triplet states arise from two, the guintet
states from four S=1/2 unpaired electrons.

The ESR spectra are described by the spin
Hamiltonian

H = H,6 + +
~ Hy * Hpg Hurs (1)

HZ is the Hamiltonian of the Zeeman effect

> >
gz - guBB0§ (2)

with external magnetic field By, the g-factor

g= 2.0023 and Bohr's magneton ug. E is the spin

operator with S=1 (triplet) or S=2 (quintet) and

the components Sy, fy and Zz.

HFS is the fine structure Hamiltonian
2 2 2
= DS + E - S 3
gFS ~AZ (Ex Ay) (3)

with fine structure parameters D and E.

The energy level splitting and the correspon-
ding ESR-transitions of the DR and AC triplet
and DC quintet states are calculated using the
Zeeman and the fine structure spin Hamiltonians
(2) and (3). The result is shown in Figure 4,
which corresponds to the spectra of Figure 3.
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ESR Hyperfine Structure

All ESR lines show partially resolved hyperfine
structure as shown in Figure 5, due to hyperfine
interaction of the electron spin with the nuclear
spins I, = I, = 1/2 of the two protons of the CH2—
rest group. In the case of the diradicals and
dicarbenes two CHy groups of the two chain ends
are involved in the hyperfine interaction. In the
case of the asymmetric carbenes only one chain
end is involved. The experimental hyperfine
pattern is reproduced by a computer calculation.
The hyperfine splitting of the ESR spectra is
almost isotropic, therefore the Hamiltonian of
the hyperfine interaction writes
> > el > >

fups T 2 2 L v ASD 7 A5t A SL, (4)
A1 and A2 are the isotropic hyperfine constants
of the two protons of the CH2 group.

Chain-Lengths Dependences

The fine structure constant D is very sensitive
to the shape and extension of the electron wave-
function of the triplet resp. guintet electrons.
The isotorpic hvperfine constant A is essentially
determined by the spin density at the CHjy protons.
Therefore from both, the fine structure and the
hyperfine structure, we are able to deduce the
wavefunctions of the different DRy, DCp, and ACp
intermediates.

The fine structure constants D of the triplet
diradical centers as a function of the chain-
length n are shown in Figure 6. The D-values of
the first four DR trivlet states are very small
corresponding to the diradical structure of
Figure 2. However, between n=5 and 6 there is a
remarkable increase of the D-values, which at
n=7 almost reaches the limiting D-values of the
dicarbene states and of the AC intermediates as
shown below.

The hyperfine splitting is given by the inter-
action of the electron spin with two CHy groups.
The dependence of the hyperfine constant A{ ob-
tained from the computer simulation as a function
of the chain-length is also shown in Figure 6.
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FIGURE 5. Hyperfine structure pattern of the
paramagnetic reaction intermediates. The compu-
ter simulation has been fitted to the experi-
mental points.




Downloaded by [Tomsk State University of Control Systems and Radio] at 10:21 21 February 2013

ESR-ANALYSIS OF INTERMEDIATES 49

— | . L4 [ :
T i —~10]® |
go.s- D(DC) = D(AC) ! . »E '
— | — 0.9 ] |
g X < DRn L

0.2 | e 0.8 ] !
e DRy | S=1 :
! 0.7 !

o1 S=1 : ! .
. ! 08 !
ol® . . os] ADC) = Aj(AC)/2 .

2 3 4 5 H 7 2 3 4 5 6 7

CHAIN LENGTH [ MONOMER UNITS ] CHAIN LENGTH [ MONOMER UNITS ]

FIGURE 6. Fine structure constants and hyper-
fine structure constants of the DR, states as
a function of the chain-length n. The dashed
line separates the almost pure diradical states
with n=5 from the mixed states with n=6 and 7.
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FIGURE 7. Fine structure constants D of the
AC, states as a function of the chain-length n.
The points are deduced from the ESR-spectral',
the curve is calculated?!? using the configura-
tion of Figure 8.
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Similar to the behaviour of the D-values, the
hyperfine constant is almost constant up to n=5
and drops at n=6 and n=7 down to almost the Ay
value of the dicarbene and to the corresponding
value of the AC states.

The fine structure constants D of the triplet
asymmetric carbene centers as a function of the
chain-length n are shown in Figure 7. The D
values of the short chains are essentially larger
than those of the long chains. The asymptotic
dependence converges very rapidly at n=5 to the
final D(») value, which is almost identical to
that of the triplet carbene ends of the DC mole-
cules.

DISCUSSION

The Diradicals DRn

The small fine structure splitting of the inter-
mediates with n=5 and the hyperfine pattern
suggest the diradical structure of the DR triplet
electrons shown in Figure 2. The two triplet
electrons are given by the spp-electrons of the
diradical carbon -C= at the chain ends. All p,
electrons are bound and thus form a complete
butatriene chain structure. The analysis of the
fine structure and hyperfine structure data
yvields carbene admixtures, which are less than
10% for n=5. Starting at n=6 the DR intermediates
are transformed gradually into DC intermediates.

The Dicarbenes DC,

The long-chain (n>7) dicarbene centers are for-
med by electrostatic coupling of two triplet
carbenes®. Therefore the dicarbenes are closely
related to the long-chain (n=5) ACph centers,
which also have the same acetylene chain struc-
ture (see Figure 2). This relationship is docu-
mented in the same fine structure constants of
the corresponding triplet states and in the same
hyperfine structure relation Aq(AC)=2A1(DC),
which is valid for all AC, and DCp centers at
long chain length.

In the ESR-experiments eleven different gquin-
tet dicarbene centers have been distinguished,
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ranging from n=7 te n=17., The small overlap of
the carbene wavefunctions located at the two
chain ends is documented in the D and A-values,
which are independent of the chain length.

The individual carbenes of the dicarbene
structure are formed by an spg-electron and a
py~electron. In the short chain diradical struc-
tures discussed above the two p,-electrons form
a T-bond, which is disrupted in the dicarbene
structure. This m-bond has an energy of about
2.5 evV. The disruption of the w-bond is caused
by a respective energy gain, which is obtained
due to the change of the high-energetic buta-
triene to the low-energetic acetylene chain
structure’. Owing to the delocalization of the
pz-electrons, diradical states with butatriene
configurations are expected to mix with the car-
bene configurations. This will be discussed below.
Due to their identical chain structures the chain
ends of the DC configurations are identical to
the chain ends of the AC configurations. The
asymmetric carbene structure therefore represents
one half of the DC structure.

The Asymmetric Carbenes AC,

The hyperfine splitting of the AC intermediates
is given by the interaction of the electron spin
with only one CHy group, showing the typical
1:2:1 intensity pattern of Figure 5, clearly
demonstrating that the carbene state is located
only at one chain end. The other chain end has
been terminated by a chain termination reaction.
The identification of the AC and DC inter-
mediates in terms of pure carbene states is not
guite correct. It is obvious from the fine struc-
ture constants that the D values of the AC and
DC states are located almost exactly half way
between the pure carbene and the pure diradical
structures. For a pure carbene -C- a D value of
0.7 cm~1 has been deduced from ESR measurements’
Therefore we have to conclude that about 50% of
the wavefunctions are not carbene but diradical
wavefunctions as shown in Figures 8a and b. The
different diradical wavefunctions arise from the
fact that the p,-electrons can be delocalized
over the diacetylene chain. However, the deloca-

0
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lization is restricted to a relatively small
distance at the chain ends, due to the non-dege-
neracy of the butatriene structure and the ace-
tylene structure of the diacetylene chain. The
py-radical electron in diacetylene chains there-
fore represents a bond alternation defect simi-
lar to that present in cis-polyacetylene chains??l,
In contrast to the p,-electrons the spj-electron
can be delocalized only within the first unit
cell. The two sets of wavefunctions (a) and (b)
correspond to the two possible carbene configu-
rations at the first and third carbon atom. The
curve of Figure 7 is the result of a preliminary
calculation®® of the D-values of the short chain
AC molecules taking into account the configura-
tions of Figure 8a and b.

-

CONCLUSIONS

By analysis of the ESR fine and hyperfine struc-
ture we have shown that the diradical structure
of the short chain intermediates undergoes a
transition to the dicarbene structure. From this
transition we conclude that the acetylene struc-
ture of the oligomer backbone is lower in energy
than the butatriene structure. By inspection of
the fine structure and hyperfine structure para-
meters the real electronic structures of the
paramagnetic reaction intermediates are deducedlz,
which are not perfectly pure diradical or carbene
states. Especially the asymmetric carbenes and
dicarbenes contain large admixtures of diradical
states. The analysis of the ESR-spectra now
enables us to calculate the extension of the
soliton-1like pz—electronla. The knowledge of the
electronic structure of the reaction intermedia-
tes forms a solid basis for a more complete under-
standing of reaction mechanisms in the solid
state polymerxrization reaction.
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