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The intermediate products A, B, C, D, E and V of the UV initiated solid state polymerization 
in single crystals of 2,4 hexadiynylene bis (p-toluene sulfonate), particulary their kinetics, have 
been studied by time resolved optical absorption spectroscopy in the temperature range between 
180 and 300 K. The description by a simple kinetic model states that A to E react in a direct 
sequence by monomer addition, which is thermally activated. The activation energies range from 
0.25 to 0.30 eV per monomer. At 300 K the reaction rate constants are of the order of 
106s~'. — Product V is interpreted as a superposition of several long chain oligomers with 
reactive carbene chain ends. The reaction V —• Polymer is thermally activated with an activation 
energy of 0,4 eV per monomer. — The fluorescence spectrum of the monomer crystal has been 
measured for the first time by use of a fast detection system. It is discussed with respect to its 
significance for the polymerization initiating step. — Deuterium isotope effects on the polymer 
absorption energy and on reaction kinetics are reported. 

Introduction 

During the solid state polymerizat ion of d isub-
stituted diacetylenes (R—C = C—C = C—R), single 
crystals of macroscopic dimensions are converted 
f rom their monomer to their highly perfect po lymer 
state [1]. This solid state reaction, schematical ly 
shown in Fig. 1, is initiated ei ther by heat or by 
y- or UV-irradiation. Both, the mechanical and the 
optical properties change completely dur ing the 
topochemical reaction. The m o n o m e r crystal is 
transparent in the visible spectral region and has 
mechanical propert ies which are typical for organic 
molecular crystals. The polymer crystal, however , is 
extremely anisotropic in several propert ies. It shows 
a plane which is highly reflecting and polarizing 
visible light. This plane contains the po lymer 
chains. Along the chains the tensile strength shows 
values comparable to those of steel [2], 

By far most of the papers on diacetylenes were 
published during the past 12 years on Wegner ' s 
diacetylene, TS i.e. para to luenesul fonate-oxymethyl-
ene substituted diacetylene [3]: 

R - C H 2 0 - S 0 2 H ^ > - C H 3 . 

The crystal structures and the structural phase 
transitions of both, polymer and monomer , are well 
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known [4 — 7], They roughly conf i rm the early 
interpretation of Hirshfeld and Schmidt [8] which 
described "dif fus ionless polymer iza t ion" in a 
crystal. They statet that "no linear contraction of the 
stack is needed for polymer format ion. For ex-
ample, a molecule with two unsaturated centers 
may be so oriented in a stack of identical molecules 
that it can rotate in place to link up with both its 
neighbors wi thout any linear displacement of the 
monomer units so jo ined . " Actually in TS the lattice 
parameters of m o n o m e r and polymer along the 
polymer chain d i f fe r by 4%, the polymer being 
shorter. 

Thermal ly the reaction is activated with an acti-
vation energy of 1 e V / m o n o m e r [9], It is exothermic 

monomer s ing le c r y s t a l polymer single crystal 

Fig. 1. Reaction scheme of the solid state polymerization 
of diacetylene single crystals. The monomer crystal reacts 
after photoinitiation via the intermediate reaction products 
by 1,4-additions to the perfect polymer crystal. R = side 
group (see Figure 2). 



with a polymerization enthalpy of - 1 . 6 e V / m o n o -
mer [9]. During the early stages of the thermal poly-
merization the partially polymerized crystal was de-
scribed as a solid solution of short po lymer chains 
in the monomer crystal [10]. The structures and 
dynamics of the intermediates dur ing the pure 
thermal reaction have been investigated only for 
very few examples in detail. By ESR. tr iplet 
carbenes and biradicals were ident if ied and ana-
lyzed [11, 12]. Intermediates in the optical spec t rum 
were not detected, presumably because of their low 
steady state concentration. 

For the UV-initiated reaction at low t empera tu res 
(between 4 K and 150 K) a series of pho tochemi -
cally produced intermediates have been investigated 
by ESR, by E N D O R and by optical spectroscopy 
[13 — 25]. In dark all of them were stable at low 
temperatures; they d isappeared at h igher t emper -
atures, which are still lower than those which are 
necessary for the pure dark reaction, and thereby 
produced polymer. 

In order to connect the low t empera tu re photo-
products with the room tempera tu re solid state 
chemistry we investigated the reaction by UV-flash 
photolysis: we initiated the reaction by a UV laser 
flash (310 nm, 15 ns. 1 mJ) and moni tored the tran-
sient optical spectra at tempera tures between 180 K 
and 300 K. With a monochromat ic transient absorp-
tion experiment we measured the t ime evolution of 
the intermediate products which was then com-
pared to a kinetic model (II). 

Besides the absorpt ion transients also a short 
lived strong monomer fluorescence had been ob-
served which is connected to the ini t iat ion reaction 
(III). 

II. Transient Absorption (TA) 

1. Experimental 

a) S a m p l e P r e p a r a t i o n 

We investigated TS-crystals, which were per-
protonated, perdeutera ted. tolyl- or methylene-
deuterated, respectively (Figure 2). Crystals were 
grown from solution by the method of Wegner as 
described by Huber [26] at a t empera tu re of 20 °C. 
The small crystals (6 x 3 x 1 m m 3 ) were of high 
crystal quality with low initial polymer concentra-
tion of typically 0.02%. Samples were p repared by 
cleaving the crystals in the (100)-plane. The thick-
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Fig. 2. The paratoluene sulfonate side groups R of TS 
(see Figure 1). 

ness of the slices was between 50 pm and 120 pm. As 
the perdeuterated crystals showed a significantly 
higher initial polymer concentration, they had to be 
cleaved into very thin samples of about 30 pm thick-
ness. For each experiment a fresh sample was used. 

b) M o n o c h r o m a t i c T A E x p e r i m e n t 

The monochromat ic TA experiment was per-
formed to measure the t ime dependence of the 
optical density (OD) at d i f ferent wavelengths. The 
experimental setup is shown in Figure 3. The fresh 
TS samples were cooled inside the cryostat to 
temperatures between 4 K and 300 K. The reaction 
was started by an excimer laser pulse of /. = 308 nm, 
15 ns pulse width and a typical energy of 1 mJ at the 
surface of the sample (ca. 4 mm 2 ) . Changes in O D 
were detected by moni tor ing the transmit ted in-
tensity of a cw dyelaser beam with a photodiode . 
The amplif ied d iode signal was digitized in both, a 
fast transient digitizer (1 G H z ) and a slow transient 
recorder (2 MHz), respectively. The data were trans-
mitted to a min icomputer for processing. The 
shutter was controlling the excitation light path as 
well as the monitor light path. It opened about one 
millisecond before the reaction was started by the 
UV-flash. It picked out the regular UV-pulse and 
prevented the sample to warm up due to moni tor 
light absorption. 

t f to Computer 
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Fig. 4. Experimental setup of the polychromatic TA experiment. 

c) P o l y c h r o m a t i c T A E x p e r i m e n t 

The polychromatic TA exper iment was se tup to 
measure the transient spectra dur ing the high 
temperature ( 7 < : 1 8 0 K ) photo polymer iza t ion of 
TS. Figure 4 shows the exper imenta l setup. The 
light of a tungsten l a m p was polar ized and focused 
onto the sample. T h e t ransmit ted light was analyzed 
in a grating polychromator and moni tored by a 
gated vidicon. The po lychromator with a grat ing of 
200 l ines /mm focussed the whole spectral region 
f rom 400 nm to 800 nm onto the target of the 
vidicon. The gating allowed recording the spectra 
within a t ime window of 100 |is. T h e t ime resolution 
was achieved by shi f t ing this t ime window relative 
to the reaction init iat ing UV-pulse by use of a delay 
unit. 

2. Results 

By both methods the t ime deve lopment of the 
solid state photopolymer iza t ion af ter the init iat ing 
UV-flash was investigated as a func t ion of sample 
temperature. 

a) T r a n s i e n t S p e c t r a 

Figures 5 - 8 show dif ferent states of the reaction. 
The plotted spectra are d i f ference spectra, i.e. the 
difference AOD be tween the O D af ter and before 

the initiating UV laser flash. By this me thod the 
initial polymer absorpt ion was supressed. F igure 5 
shows the difference spect rum within the first 
100|is after the UV-flash at 180 K. For this experi-
ment — and only for this, we accumula ted five 
single flash experiments. This accumula t ion was 
necessary because of the low signal to noise ra t io 
due to the short l i fet ime of the pr imary photo-
products (A, B, C, D and E). 

The spectra in Figs. 6, 7 and 8 show delayed tran-
sient spectra, each recorded f r o m only one single 
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Fig. 5. Transient difference spectrum of a TS-crystal at 
180 K within the first 100 us after the UV-flash. J O D = 
Difference of the optical densities after and before the 
UV-flash. 
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Fig. 6. Transient difference spectrum of a TS-crystal at 
200 K within a time window of 100 (as, 650 us after the 
UV-flash. The intermediate products A and B have al-
ready disappeared. 
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Fig. 7. Transient difference spectrum of a TS-crystal at 
250 K. 1.9 ms after the UV-flash, within a time window of 
100|.is. Only product V is present. Its absorption structure 
is very similar to that of the polymer (Fig. 8). but shifted 
to lower energies. 

experiment. Figure 6 was recorded at 200 K, 650 ps 
after the UV-flash: the products A and B already 
disappeared. Figure 7 shows a new in termedia te 
product, termed V [27], It appea r s significantly later. 
This spectrum was recorded at 250 K with a delay 
t ime of 1.9 ms. Figure 8 shows the spectrum of the 
same crystal, very long t ime (500 s) af ter the UV-
flash. It shows the increase of polymer absorpt ion 
due to the photoreact ion. Product V at this t ime has 
completely d isappeared . Compar i son of Figs. 7 
and 8 demonstrates the similari ty of the absorpt ion 
bands of product V and the polymer. 

Positions and l inewidths for the pr imary inter-
mediate products A to E are within the experi-

mental error, identical with those at low temper-
ature [13]. Product V shows a d i f ferent behaviour . 
Its absorption shifts, like that of the po lymer [28], to 
higher energies with increasing tempera ture . 

b) T i m e D e p e n d e n c e o f I n t e r m e d i a t e s 

The time dependence of the concentrat ion of 
intermediate products in the crystal du r ing poly-
merization -was measured by moni tor ing the t ime 
dependence of zJOD in the absorpt ion max ima of 
the different in termediates A. B, C, D and V with 
the monochromat ic TA exper iment . F igure 9 shows 
the time dependence of the cw laser intensity at 
514 nm (product B) t ransmit ted by the crystal 
(T = 250 K) in units of the l inear pho tod iode signal 
voltage. The signal was s imultaneously recorded 
with the transient digit izer (Fig. 9a ) and with the 
transient recorder (Figure 9b ) . Figure 9 b shows for 
t < o the opening of the shutter. The moni tor laser 
beam was unblocked within about a quar te r of a 
millisecond. After another half of a mill isecond the 
UV-flash was triggered. In the beginning of the 
slowly rising polymer absorpt ion the T A of prod-
uct B is super imposed. T h e extended t ime scale in 
Fig. 9a shows that the absorpt ion m a x i m u m of 
product B was delayed by about 5 ps with respect to 
the UV-flash. After scale t ransformat ion f rom the 
signal voltage to J O D the transients like the one 
shown in Fig. 9a were used for the model calcula-
tions (see I I .2 .C) . In Fig. 10 the J O D of products A. 
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Fig. 8. Stable increase of the optical absorption of the 
same crystal as in Fig. 7. measured very long time (500 s) 
after irradiation with the UV-flash. All intermediate prod-
ucts have disappeared, only the UV-generated polymer 
absorbs. The spectrum is identical with that of a thermally 
polymerized TS-crystal. 
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Fig. 9. TA of product B recorded in two different time 
scales. In Fig. 9 b the opening of the shutter is seen, which 
releases the monitor laser beam within about a quarter of 
a millisecond, 
(see Figure 3). 

Vsig = Signal voltage of the photodiode 

T = 270 K 

Fig. 10. Time sequence of the intermediate products A, B, 
C and D at 270 K after the UV-flash which is indicated by 
an arrow ( JOD see Figure 5). 

B, C, D at 270 K are shown. The t ime sequence of 
the intermediates af ter the UV-flash, which is in-
dicated by an arrow, is obvious. 

c) M o d e l c a l c u l a t i o n s 

For the model which was used for the interpreta-
tion of the experimental data we assumed that the 
different intermediate products follow one another 
in a direct sequence. This means, that for each 
intermediate there is only one impor tan t way of 
generation f rom its precursor, and only one im-
portant way of decay to its successor. Then the t ime 
dependence of the optical in te rmedia te absorp t ion 
bands is described by the following set of rate equa-
tions: 

dn^/dt =-Ky,nx, dnA/dt = — A^a/?a, (1) 

dfiß/dt = KAnA — KßnB, dnc/dt = KBnB — Kcnc, 

d/7D/d/ = Kcnc - KDnD, dn^/dt = KDnD — KEnE. 

Here n is the concentrat ion of the absorb ing inter-
mediate, x indicates the unknown precursor of 
product A and A, B, C, D and E indicate each of 
these intermediates, respectively. This model will be 
discussed now for the in te rmedia te products A 
to E. The product V shows a more complicated 
behaviour; it rises much later than E and will be 
interpreted separately. 

If at t ime t — t0 the precursor a is popula ted 
promptly to n t h e solution of these rate equat ions 
can be evaluated as follows: 

n% = n\ exp ( - (t - tQ)), 

nA = n K a — K 
(exp ( - Kr(t-t o)) 

- e x p ( - t f A ( / - / 0 ) ) ) , 

(2) 

(3) 

«B = «S 

Ky K1 

(KA— Ky) (KQ— Ky) 

KxKa 

exp ( - K ^ t - t o ) ) 

(Ka-

+ 

K 2 ) ( K B- Ka) 
exp ( - K A ( t - t 0 ) ) 

(4) 

e x p ( - tfB(/-/o)) 
(A^b- Ka) (Kß- Ky) 

Fur thermore we used the exper imenta l fact that the 
rise of A, (a -> A), is much faster than all following 
reactions (Fig. 10), i.e. K* KA, A'B, Kc, Kd. Then 
the time dependence of — and of all later inter-



mediates - can be s implif ied: 

"b = «2 A (exp ( - Ka(t - t 0 ) ) - exp ( - KB(t - t0))) 
B _ A (5) 

KA At 
/?C = n\ 

\(KB-KA)(KC-KA) 

(KB-KA)(KC-K B) 

K AK g 
(KC-KB)(KC-KA) 

e x p ( - KA(t-t0)) 

exp ( - K B ( t ~ h ) ) (6) 

e x p ( - - /Q)) , 

nD - n\ KAKQKC 
{(Kß-KA)(Kc-KA)(KD-KA) 

• e x p ( - K A ( t - t0)) 

1 
" (KB-KA){KC-KB)(KD-KB) 

• exp ( - KB(t-to)) 

1 
+ (Kc-Ka)(Kc-Kb)(Kd-Kc) 

• exp ( - K c ( t - t0)) 

1 
~ ( K d - K a ) ( K d - K b ) ( K d - K c ) 

• e x p • (7) 

The general formula for the t ime dependence of the 
concentration of the in termedia te /' is: 

/?, = X ai,Qxp{-Kj(t- t0)) 
./'= i 

(8) 

with 
«//= «/-I./ 

Kh i, j = A, B. C, D . . . . 
K-Kj 

ein is evaluated f rom the initial conditions. 
The concentration n,(t) is proport ional to the 

optical density J O D , ( 0 in the absorpt ion of inter-
mediate product /. Thus the fo rmulae ((3) to (7)) 
can be compared directly with the experimental 
transients. 

This was pe r fo rmed by a least-squares fit pro-
gram at the compute r [27], As fit parameters were 
used: 

- one ampl i tude normal iz ing constant: 
- one constant for the l inear fit to the slowly rising 

polymer-absorpt ion which is super imposed to the 
absorption bands of products A. B and C: 

- the rate constants KA, KQ, Kc and which 
finally are the result of the fit opera t ion. 

Figure 11 shows as an example for the fits to the 
different in termediate products both, exper imental 
transient an fit of product C in perdeutera ted TS at 
200 K. A tr iexponential fit funct ion according to 
Eq. (6) was used. As ment ioned above the slow rise 
of polymer absorpt ion was approx imated by a 
straight line. The d i f fe rence between model and ex-
periment. which indicates the qual i ty of the fit and 
systematic errors, is plotted a round the baseline. 

Fits similar to that shown in Fig. 11 were per-
formed for all transients measured at d i f ferent 
temperatures and wavelengths — on the whole abou t 
250 different transients and fits. Tab le 1 shows the 
numerical values of the t ime constants (i.e. inverse 
rate constants) in microseconds. For example for the 
TA of product D we find r D | , r D 2 , r D 3 , t D 4 . If our 
model is appropr ia te , the fol lowing t ime constants 
for different photoproducts must be equal: 

rA2 = rBi = rci = TDI = KA , 

T B 2 — t C 2 — r o 2 

t C 3 = t D 3 

Td4 

- KB-', 

= Kc\ 

— Kr\] • 

From Table 1 we can see, that this is in fact true. 
Thus our simple kinet ic model states, that the 

intermediates are indeed produced in a direct 
sequence, f rom A to E: 

B Kc „ 
B C D E . . . 

t / j J S 
1000 

Fig. 11. Experimental transient and model curve for prod-
uct C in perdeuterated TS at T = 200 K. The model curve 
includes the triexponential function of Eq. (6) which de-
scribes product C and, superimposed, the linear fit to the 
slow rise of the polymer absorption. Around the baseline 
the residuum (difference between experiment and model) 
is plotted. 



Table 1. Time constants for different intermediate products in perprotonated (h) and perdeuterated (d) TS crystals, 
evaluated from model fit calculations. 

Time Constants/|as Temperature/K 

2 9 5 2 7 0 2 5 0 2 3 0 2 0 0 1 8 0 

TAI A 1 TAI 
A TA2 1 ± 0 . 2 2 . 6 ± 0 . 5 6 + 1 18 + 3 1 6 0 ± 4 0 6 3 0 ± 1 0 0 

( 4 2 2 nm) „ 
0 1 tAI 

6 0 0 + ?A2 0 . 9 ± 0 . 2 2 . 2 ± 0 . 5 4 . 5 + 1.5 11 + 2 1 1 5 ± 2 0 6 0 0 + 5 0 

TBI 0 . 9 + 0 . 5 2 . 6 ± 1 .5 5 + 2 1 8 . 5 ± 8 1 6 0 ± 8 0 4 0 0 ± 2 0 0 

B TB2 1 . 0 ± 0 . 5 2 . 5 ± 1 .5 7 + 3 16 + 8 1 2 0 ± 7 0 1 3 0 0 + 5 0 0 

( 5 1 4 nm) 
rl TBI 0 . 8 + 0 . 5 1 .5 ± 0 . 7 4 + 2 12 ± 5 1 1 0 ± 3 0 4 0 0 ± 2 0 0 

TB2 0 . 7 ± 0 . 4 2 . 5 ± 0 . 8 6 . 5 + 3 19 ± 6 1 0 0 ± 3 0 8 0 0 ± 3 0 0 

TC! 0 . 9 + 0 . 5 2 . 6 ± 1 6 + 3 15 ± 7 1 2 0 ± 6 0 4 0 0 ± 2 0 0 

U TC2 0 . 9 + 0 . 5 2 . 4 ± 1 6 + 3 15 + 7 1 5 0 ± 7 0 1 0 0 0 + 5 0 0 

C TC3 1 . 2 5 ± 0 . 6 3 . 0 ± 1 .5 1 4 + 7 3 0 + 15 4 0 0 ± 2 0 0 2 0 0 0 ± 1 0 0 0 

( 5 8 7 nm) TCI 0 . 9 + 0 . 4 1 .7 ± 0 . 8 5 + 2 12 + 5 9 0 ± 4 0 4 0 0 + 2 0 0 
d TC2 0 . 9 + 0 . 4 1 . 7 ± 0 . 8 4 . 5 ± 2 12 + 5 1 0 0 ± 5 0 8 0 0 ± 4 0 0 

TO 1 . 5 ± 0 . 7 5 . 7 + 2 . 5 15 ± 7 4 4 ± 2 0 3 0 0 ± 1 5 0 1 5 0 0 ± 7 0 0 

TDI 1 + 0 . 5 2 . 5 ± 1 6 + 3 13 + 6 1 0 0 ± 5 0 

TD2 1 + 0 . 5 2 . 5 ± 1 .5 6 + 3 13 ± 6 2 0 0 ± 1 0 0 

TD3 1 + 0 . 5 2 . 5 ± 1 .5 7 + 3 2 4 + 1 0 4 0 0 ± 2 0 0 

D t D 4 2 ± 1 7 ± 3 2 5 ± 1 0 6 0 ± 2 0 4 0 0 ± 2 0 0 

( 6 6 4 nm) 
0 . 9 + 0 . 4 1 . 6 ± 0 . 5 5 + 2 . 5 1 2 + 4 

TD2 0 . 6 + 0 . 3 1 . 6 ± 0 . 6 5 + 2 . 5 12 + 4 

TD3 1 ± 0 . 4 3 . 3 ± 1.5 7 + 3 1 4 + 5 
t D 4 2 . 4 ± 1 6 . 2 ± 2 16 + 5 5 0 + 2 0 

TV! 6 0 ± 3 0 2 3 0 ± 1 1 0 (1 + 0 . 4 ) 1 0 3 ( 3 ± 1) 1 0 3 

V TV2 7 3 0 ± 1 0 0 ( 3 . 3 ± 0 . 5 ) 1 0 3 ( 1 . 2 5 ± 0 . 2 5 ) 1 0 4 ( 8 + 3 ) 1 0 4 ( 1 . 5 ± 0 . 5 ) 1 0 6 

( 6 1 0 nm) 
TVI 6 5 + 3 0 < 3 0 0 $ 4 • 1 0 3 

TV2 ( 7 ± 2 ) 1 0 3 ( 5 ± 1) 1 0 4 ( 1 . 5 ± 0 . 5 ) 1 0 6 

The slow product V shows a compl ica ted t ime 
behaviour and does not follow this s imple sequence. 
A biexponential model was fitted to the transient of 
V to get numerical values for rise and decay- t ime of 
the absorption. 

In Table 1 we see, tha t V rises significantly slower 
than the first products , and the decay is again 
slower by one order of magni tude . T h e t ime for the 
decay of product V is identical with that for the rise 
of the polymer absorpt ion. Especially at room tem-
perature our experimental results agree with those 
of Leyrer and Wegner [29] who measured the rise of 
polymer absorption at room tempera tu re in a polv-
crystalline sample. Product V is the re fore inter-
preted as the direct precursor of the polymer: the 
prepolymer. 

In Fig. 12 the t empera ture dependencies of three 
rate constants are plotted. They are very well de-
scribed by an Arrhenius law: 

K= K0Q\p(-AE/kT). 

From plots like that in Fig. 12 activation energies 
AE for the reactions and the preexponent ia l fre-
quency factors KQ are evaluated. These are shown in 
Table 2. For the reaction A -» B we find AE = 
0.25 ± 0.03 eV per monomer . The activation ener-
gies for the following reaction steps are a lmost 
equal, with a slight increase of about 2% for each 
step. The activation energy for the decay of 
product V is 0.40 ± 0.03 eV/monomer . 

The preexponential f requency factors A^ were 
estimated by extrapolat ion of the t empera tu re 



107 

105 

10' 

103 

102 

101 

10° 

10-1 

3 U 5 6 

1/T/10-3K-1 
Fig. 12. Temperature dependencies of the rate constants 
for the decays of products A, D and V. They are described 
by Arrhenius laws, in a range of three orders of magnitude. 

Table 2. Activation energies AE and frequency factors K0 
for the reaction rates, evaluated from their Arrhenius plots. 

KB Kc KD K\,2 

AE/eV 0.25 0.26 0.30 0.30 0.40 
±0.03 ± 0.03 ±0.04 ±0.04 ±0.03 

K0/s-> ]010±! 1 0 n± i , 0 ! l± l 1 0 n±i 10io±i 

dependencies. These est imated values are strongly 
dependent on the activation energy. Within error 
margins of one order of magni tude the f requency 
factors for all reactions are about 10" s - 1 . 

III. Fluorescence of the T S Monomer Cry stal 

1. Experiment 

For the observation of the f luorescence spectra 
the detection system of the polychromat ic transient 
absorption experiment was used. It was rotated by 
90° relative to the UV-excitation beam in order to 
avoid absorpt ion of the emit ted light by the initial 
polymer within the crystal. With this se tup it was 
possible to record the complete emission spectrum 
between 400 and 800 nm after a single UV-flash, 
which was provided by the XeCl Excimer Laser. 
We were able to observe for the first t ime the fluo-
rescence spectrum of a m o n o m e r TS crystal. Earlier 

efforts which used conventional emission spectro-
scopy failed, because the crystal surface polymerizes 
very quickly under UV-ir radia t ion at wavelengths 
shorter than 330 nm [30]. The l i fe t ime of the fluo-
rescence was measured with a fast PIN-diode , the 
excitation light was discr iminated by filters. 

2. Results: Lifetime and Spectra 

The fluorescence l i fe t ime is shorter than 10 ns. 
The fluorescence pulse line shape is exactly the 
same like that of the excitation UV-pulse ( r = 15 ns). 
Figure 13 shows the fluorescence spect rum of a 
monomer TS-crystal at 10 K. It is b road , wi thout 
structure and red-shif ted by abou t 10000 c m - 1 

with respect to the excitation energy. This spectrum 
was accumulated f rom 20 single spectra, each ex-
cited by one single UV-pulse on the surface of the 
same crystal. This procedure was shown not to 
affect the shape of the spectrum. F r o m a dif ferent 
experiment in which we detected the overall f luo-
rescence intensity using dif ferent longpass-fi l ters in 
the detection light path , we know that the contr ibu-
tion to the f luorescence in the region between 
308 nm and 400 nm is less than 5%. 

The absence of s t ructure was not caused by the 
poor resolution of the detection system which was 
about 5 nm. The f luorescence intensity decreases 
with increasing tempera tu re . At room tempera tu re 
it was about one order of magn i tude weaker, but 
still detectable. A t empera tu re dependence of the 
fluorescence band shape was not observed. 

Besides this " m o n o m e r crystal f luorescence" a 
"defect f luorescence" was observed which also de-
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Fig. 13. Fluorescence spectrum of a TS crystal ( T = 10 K) 
after flash excitation at /. = 308 nm. 
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Fig. 14. Fluorescence spectrum of a good quality crystal 
(Fig. 14a) and of a badly grown crystal with many defects 
(Figure 14 b). Comparison of the intensity scales shows 
that the monomer crystal fluorescence is not quenched by 
the defect fluorescence. 

creased with increasing polymer content (F igure 
14b). These defect states have also been observed in 
emission by Eichele af ter excitat ion at lower 
energies than in our exper iment [30] and in absorp-
tion by Bloor and Preston [28], (F rom the experi-
ments of Eichele we know that the defect emission 
shows a more detailed structure than the spec t rum 
shown in Figure 14 b. This d i f ference is only due to 
the poor resolution of our detect ion system.) T h e 
defect fluorescence is strongest in badly grown 
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R / 
R 

crystals. They show many small splits parallel to the 
c-axis of the crystal. Figure 14b shows the fluo-
rescence spectrum of such a bad crystal and 
Fig. 14a that of a high quali ty crystal under the 
same experimental condit ions at 80 K. By com-
paring the intensity scales we see that the crystal 
emission is not quenched by the defect emission. 
From this we conclude that there is no excitat ion 
transport to the defect centers. 

IV. Discussion 

1. Chain Propagation 

The results of Chapt . II show that the s imple 
model 

. KAAEA KHAEH _ KcAEc „ KDAE0 

A » B > C » D » E 

describes the reaction very well. The in te rmedia te 
products are produced directly f rom one another . 
All reactions show nearly the same act ivat ion 
energy, the same reaction rate constant and the 
same isotope effect (see Chapt . V). This allows the 
conclusion, that each step is the addi t ion of one 
monomer unit. As photoproduc t A rises directly 
from the photoexcitat ion of the monomer , it is most 
probably the dimer. Thus the in termedia tes are the 
dimer (A), the tr imer (B), the te t ramer (C), the 
pentamer (D) and the hexamer (E). These results 
confirm the earlier conclusions of Sixl et al. [14, 19]. 

The difference between the individual addi t ion 
reactions is the fact, that the m o n o m e r is l inked to 
an oligomer which for each step is one m o n o m e r 
unit longer than for the preceeding step. This can 
explain the observed slight increase of the activa-
tion energy for longer oligomers, because of the 4% 
reduction of the length of the ol igomer repeat unit 
as compared to the m o n o m e r lattice pa rame te r b [6]. 
Thus the distance between the ol igomer head and 
the next nearest monomer increases with increasing 
oligomer length. Therefore a higher amoun t of 
energy is needed to bring the ne ighbour ing mono-
mer into its critical reaction distance. 

The increase in activation energies also agrees 
with the results of annealing exper iments a f te r low 
temperature UV irradiat ion [19, 20]: Each inter-
mediate product is stable at a slightly higher 
temperature than its precursor. The f requency fac-
tors K0 are all of the order of 10" s - 1 . They are — 
within an experimental error of one order of magni-



tude — equal for each reaction step. This indicates 
that each reaction step is driven by the same type of 
vibration. We assume the probability for the 
chemical reaction between neighbouring monomer 
and oligomer to be one within one period of this 
vibration at infinite temperature. This implies that 
the molecules do react if the vibrational ampli tude 
is high enough to bring the reacting atoms closer 
together than a critical reaction distance. Then the 
/Co-factor is equal to the frequency of this reaction 
driving vibration. 

10" s"1 is a frequency which is too low for intra-
molecular vibrations usually observed. At this fre-
quency acoustic phonons and low energy optical 
phonons are to be expected. Schott et al. [31]. mea-
sured phonon dispersion curves of TS by inelastic 
neutron scattering. They observed an optical 
phonon at very low frequency of about 10" s - 1 at 
the boundary of the brillonin zone. This actually 
could be the monomer addition driving vibration. 

2. Electronic structure of the intermediate products 

From ESR experiments [19]. bleaching experi-
ments [18], model calculations [32], kinetic data, and 
from the isotope effects to be described in Chapt. V 
it is known, that the intermediates A, B. C, D. E 
have biradical structure (Figure 15). From the com-
pletely different behaviour of product V (Kinetics, 
isotope effect, optical absorption at higher energy 
than its precursor) it is obvious, that its electronic 
structure must be different. 

Comparing to ESR experiments of Huber et al. 
[15] and of Neumann [20] we conclude that V is the 
absorption band of different dicarbenes (DC) and 
longchain carbenes (LC) (see Figure 16). We as-
sume their absorption bands to be superimposed 
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because these intermediates are long chain oligomers 
[25], which all absorb at an energy close to the value 
for infinite chain length. In diacetylene oligomer 
chains the convergence to this value should be 
reached at shorter lengths than for a one dimen-
sional free electron model because the excitation is 
not extended over the whole chain length. Calcula-
tions of Cade and Movaghar [33] show that the 
exciton is limited to about six monomer units. 

The stable polymer absorbs at a still higher 
energy than its precursor, product V. The structural 
change that leads to this experimental fact should 
be the reaction from the carbene chain end to a 
chemically stable chain end. 

Thus, the lifetime of product V can be interpreted 
as the lifetime of the reactive chain end. This life-
time determines, together with the monomer addi-
tion time, the kinetic chain length defined as the 
number of polymerized diacetylene monomers per 
one initiation event. We conclude: 

i) As the carbene lifetime rv2 in perdeuterated 
TS is ten times longer than in protonated TS (see 
Chapt. V). the kinetic chain length in d-TS should 
be significantly longer than in h-TS. This has direct 
influences on both, the polymer yield under UV 
irradiation [27, 34] and on the time dependence of 
the thermal polymerization [34]: 

(1) The polymer yield P is the product of the 
Quantum yield Q for the initiation event and the 
kinetic chain length L: 

P= Q•L . 

So P is higher for d-TS than for h-TS [27], 
(2) The autocatalytic region during the thermal 

polymerization of TS starts at a critical conversion 
of about 10%; assuming identical thermal chain 
initiation rates for d-TS and for h-TS, the longer 
kinetic chain length in d-TS causes this critical con-
version to be reached earlier in d-TS than in h-TS, 
as it was observed by Kröhnke [34], 

ii) Because carbene decay (rV2 of Table 1) and 
monomer addition (e.g. rD 4 of Table 1) have differ-
ent activation energies, the kinetic chain length 
should increase with decreasing temperature. From 
Table 1 follows: 

TV2 

r D 4 

= 10 
200 K 

_TV2 

295 K 

Indeed we observed in preliminary experiments [27], 
that the polymer yield increases with decreasing 
temperature. 



3. Fluorescence and Initiation Reaction 

The fluorescence observed in TS seems to be 
typical for diacetylene crystals. For compar i son we 
show in Fig. 17 two examples: the f luorescence 
spectra of the diacetylenes H D D and D A H , excited 
by 310 nm UV irradiation [30]. All spectra show the 
same features: A broadband emission, no s tructure 
and a strong red-shift relative to excitation. D A H 
and H D D however have completely d i f fe ren t 
photochemical properties than TS: 

- DAH is not photoreactive under UV-light; 
- in H D D some photoreact ions occur, but no 

photopolymerization. 

From the observed red-shif t we conclude a strong 
molecular rearrangement, following the excitat ion, 
similar to the format ion of an excimer [35]. This 
rearrangement occurs within less than 10"8 s. 

Because the emission is typical for diacetylenes, 
the "diacetylene backbone" of the m o n o m e r mole-
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Fig. 17. Fluorescence spectra of DAH and HDD (T = 
4.2 K, /.exc = 310 nm) [30] and of TS (T= 10 K, Aexc = 
308 nm). The crystal emission in the three systems is broad 
without structure and strongly red shifted with respect to 
the excitation. 

X / nm 
Fig. 18. Shift of the polymer absorption due to deutera-
tion. 1: perprotonated TS; 2: tolyl deuterated TS; 3: 
methylene deuterated TS; 4: perdeuterated TS. The spectra 
were recorded at room temperature. 

cule must be involved in the absorpt ion, the re-
arrangement and the emission. The s ide-groups 
seem to be less involved in these processes. How-
ever, their influence on the following chemical 
processes is strong. 

As the fluorescence is strong and the q u a n t u m 
yield for d imer format ion is less than 10 - 3 [27, 36] 
we believe that fluorescence emission is the most 
probable path of desactivation for the singulet 
excited TS monomer molecule and that d imer 
format ion is a concurring process which needs an 
addit ional phonon or a molecular vibration to take 
place. This is also indicated by the nonl inear in-
tensity dependence of d imer format ion which was 
observed by N e u m a n n and Sixl [14], 

V. Isotope effects 

1) Spectra 

The influence of deutera t ion on the electronic ex-
citation energies is remarkably dif ferent for the first 
intermediate product absorpt ions (A, B, C, D, E) 
and for the polymer absorpt ion, respectively: the 
shift of the absorpt ion max ima of the first inter-
mediates is negligible (less than 3 x 10 -3). Tha t of 
the polymer absorpt ion is strong (Fig. 18); deu te ra -
tion leads to higher excitation energies. The most 
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1 1 1 r 

18000 20000 22000 24000 

Wavenumber I cm-1 



important contr ibut ion is due to deutera t ion of the 
methylene groups which are situated close to the 
polymer backbone. Perdeuterated crystals show the 
strongest blue-shift of 300 c m - 1 at room temper -
ature. It is t empera ture dependent ; the 80 K value is 
140 cm - 1 . 

The blue shift in absorpt ion due to deutera t ion is 
not new for organic crystals; for example the 
T | S0 transition in perdeutera ted naph tha lene 
shifts by 100 c m - 1 to higher energies as compared to 
the protonated crystal [37], The blue shift can be 
explained qualitatively using the fact of the lower 
zero point energy of the deutera ted molecule and 
assuming that the potential for the normal vibra-
tions is softer in the excited electronic state as 
compared to the ground state. Actually Batchfelder 
and Bloor [38] measured the force constants for 
some normal modes in the excited electronic state of 
PTS and found that most of them are significantly 
smaller than in the ground state. 

2) Kinetic isotope effects 

The numerical results are contained in Table 1. 
We find completely di f ferent isotope effects in the 
reaction kinetics for the first in termedia te p roduc ts 
A to E and for the decay of the prepolymer V, 
respectively. 

For the first reactions: A - > B , B - > C , C D and 
D E we get 

0.8 < Kh/Kd < 1 

where KH is the rate constant for the protonated and 
KD that for the deuterated system. 

This is a weak inverse secondary kinetic isotope 
effect of the second kind, following the nomen-
clature of Streitwieser [39]. 

The direction and magni tude of this kinetic 
isotope effect seems to be de te rmined by the change 
in hybridization of the reacting carbon atom f rom 
sp to sp2 during the addi t ion of one monomer unit 
to short oligomers. Such relations between change 
in hybridizat ion and kinetic isotope effects were 
reported for similar reactions by Pryor et al. [40]. 

For the reaction V -> Polymer we find 

K h / K d * 10. 

This is an extremely high secondary isotope effect. 
Usually values between 0.5 and 2 are observed [41], 
The reaction V -» Polymer was interpreted as the 
change f rom the reactive carbene chain end to 
stable polymer head (see Chapt . IV 2). This is an 
electronic rearrangement within the polymer head 
including for example singlet triplet intersystem 
crossing. For these processes strong isotope effects 
have been reported: for example the (radiationless) 
triplet l ifetime of Perdeu te ro -Naphtha lene is about 
7 times longer than the triplet l i fet ime of N a p h -
thalene [42], 
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