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Studies in Cyclocopolymerization. XI.
The Role of the Charge-Transfer Complex
in the Initiation Step of the UV-initiated
Cyclocopolymerization of Divinyl Ether
with Fumaronitrile*

BRUNO ZEEGERS and GEORGE B. BUTLER

Department of Chemistry
University of Florida
Gainesville, Florida 32601

ABSTRACT

A soluble cyclocopolymer of 1:2 composition was obtained
by UV irradiation of divinyl ether (DVE) and fumaronitrile
(FN) in methanolic solution. By appropriate calculations
based on the results of the rate cbserved under different
concentration conditions and with different UV filters, it is
shown that both the complex formed between DVE and FN,
and the noncomplexed species (DVE, FN, and methanol) are
able to initiate the polymerization by light excitation. A
study was completed on the same polymerization in the
same solvent initiated by a radicai initiator. The character-
istics of the polymers are the same as those of the photo-
initiated polymers. The kinetic results are similar when the
polvmers are obtained by both kinds of initiation, indicating
a similar polymerization mechanism.

*This paper was presented in part before the Polymer Division at the
American Chemical Society National Meeting, Los Angeles, March 29-
April 2, 1871, Polym. Preprints, 12, 420 (1971).
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INTRODUCTION

In several previous papers [ 1-4] it has been shown that certain
1,4-dienes and monoolefins of diiferent polarity, which form charge-
transfer (C.T.) complexes, copolymerize easily, leading to soluble
copolymers. The composition of the copolymer is diene/monoolefin
= 1/2 when the monomers are not able to homopolymerize as in the
case of the divinyl ether (DVE)-fumaronitrile (FN) system. A cyclic
structure has been assigned:

0
7’
~rncit \cx—ca-(!::qw
H
CH CH, CN CN
o Ned 2

CN

All the polymerizations described in previous papers were initiated
by radical initiators. [n order to elucidate the mechanism of initia-
tion and to discuss the role of the C.T. complex, it was decided to
photoinitiate one of the systems previously studied. The DVE-FN
system in methanol was chosen because the absorptions of the
complex and the noncomplexed species are well separated, as shown
in the study of the complex { Fig. 2).

On the basis that the concentration of excited-state species which
are able to initiate the polymerization depends on the number of
photons absorbed by the solution and on the quantum yield at each
wavelength, it was decided to change the intensity of the incident
light and its wavelength (for this, different UV filters were used),
and/or to change the concentration of the monomers. An appropri-
ate method of calculation is developed and the rate of polymerization
is correlated with the total number of photons absorbed by the
complex and the noncomplexed species ( DVE, FN, and methanol) and
with the quantum yield of the polymerization.

The same polymerization in the same solvent was also studied
when initiated by a radical initiator (AIBN). Comparison between the
results obtained by the two modes of initiation was of considerable
interest,

EXPERIMENTAL

DVE (Merck, Sharp and Dohme) was distilled at 28-29°C. FN
(Aldrich Chemical Co.) was recrystaliized from benzene solution.
Spectrophotometric methanol (J. T. Baker Chem. Co.) was used.
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AIBN was recrystallized from methanol. Reagent grade chemicals
were used for the actinometry: Potassium oxalate.H,Q {Fisher
Scientific Co.); Ferric sulfate.7H,0O (J. T. Baker Chemical Co.):
1.10-phenanthroline ( Fisher Scientific Co.): sodium acetate { Fisher
Scientific Co.): ferric chloride (Allied Chemical).

The UV study was carried out with a Beckman DK-2A spectro-
photometer at 23°C, in methanol, with 1 cm cells. For the study of
pure DVE or FN, pure methanol was used as reference. For the
study of the complex, the reference cell was filled with FN in
methanol at the same concentration as in the complex solution cell
and the optical density of pure DVE at the same concentration was
deducted from the optical density measured because DVE and FN
present some residual absorption below 300-320 mu. The exact
value of the optical density of the complex can thus be evaluated.

IR spectra were recorded on a Perkin Elmer (Infracord)
spectrophotometer. Molecular weights were determined by a vapor
pressure osmometer, Mechrolab Model 302. Elemental analyses
were carried out by Galbraith Laboratories, Inc.

A rough draft of the irradiation apparatus is given in Fig. 1. A
methanolic solution (5 ml) was contained in a quartz polymerization
tube, a (radius = 1.1 ¢cm)., Polymerizations were carried out under
high vacuum. During polymerization, the tube was slowly rotated.
The temperature of the solution varied between 26 and 28°C. Con-
centrations of DVE and FN were 0.6, 0.9, or 1.2 moles/liter. A
filter b held by a filter holder ¢ was positioned in front of the
solution. Interference filters at 2537 and 2000 A were used (Qriel
Optics Corporation Catalog Nos. G-5371-2537 and G-572-2000). The
other filters are simple UV filters from Corning Glass Works
(Catalog Nos. 954, 930, 054, 053, and 052). Transmittances of all

these filters vs the wavelength are given in Fig. 7. To avoid any
xind of interaction of DVE in the vapor phase with the light, an
aluminum sheet d was placed around the tube, and a screen e was

placed between the lamp and the tube. A Hanovia high-pressure
mercury lamp f (450 W; Catalog No. 679 A-36), strongly cocled by
a fan, was employed as the light source. The power of the lamp for
each mercury line is given in Table 2. The distance between the
lamp and the polymerization tube was 2 cm. The top of the quartz
polymerization tube is sealed to a Pyrex tube obtained from Lab
Glass Inc. (Catalog No. LG-10861), The sealing of the tube under

nigh vacuum after successive degasifications was always carried

out at the level of the Pyrex part h.
AIBN-initiated polymerization was also carried out under high

vacuum after successive degasifications at 60°C in an oil bath.
k=4

The polymers obtained by UV initiation as well as by radical
initiation were directly filtered and washed several times by boil-

methanol. The rate of polymerization was measured by gravimetry
after drying the polymers several hours under vacuum at 40°C.
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—

F1G. 1. Rough draft of the irradiation apparatus. a = solutionin a
quartz tube; b = filter; ¢ = filter holder: d = aluminum sheet; e = screen;
f = UV lamp; ¢ = seal of quartz tube to Pyrex tube; h = Pyrex tube.

Study of the DVE-FN Comvplex in Methanol

On the basis that the complex formed between DVE and FN may
participate in the mechanism of initiation of the photopolymerization
in methanolic solution, the characteristics of the complex were studied
in the same solvent. The existence of the complex was establiished by
UV spectrophotometry: a mixture of DVE and FN shows a new
absorption band (Fig. 2); kma.x ~ 260 mu. A 1:1 stoichiometry
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FI1G. 2. Identification of the DVE-FN complex in methanol.
(1) DVE at 0.6 mole/liter; {2) FN at 0.6 mole/liter; (3) DVE + FN
a: 0.6 mole/liter: (4) DVE + FN at 0.06 mole/liter.

was determined by the continuous variations method [ 5]; indeed, the
maximum of the optical density for different compositions of DVE
and FN, while their total concentration was kept constant, was found
for equimolar fractions { Fig. 3). Finally, the equilibrium constant
of the complex formation was determined by the Benesi-Hildebrand
method [ 6]; even though different concentration conditions and

[
»

R

\

OPTICAL DENSITY

C a5 '
FN MOLAR FRACTION

FIG. 3. Determination of the stoichiometry of the DVE-FN complex
in methanol by the continuous variations method. Optical density at
260 mu. (DVE) + (TN) = 0,15 mole/liter.
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different wavelengths were used, it appears that value of the equilib-
rium constant is small and cannot be evaluated exactly: 0 > K > 0.20
(Fig. 4). Values of 0.015 in methylene chloride [ 3] and 0.008 in
deuterochloroform [ 4] were reported earlier. However, the present
approximation is sufficient for our study as explained further.

Q2

o

26 20

(DVEMFN)
BVEN(FN)] D,
B
o

1
(OVE)FN)

FIG. 4. Determination of the equilibrium constant of the DVE-FN
complex in methanol solution by Benesi-Hildebrand's method at two
different wavelengths and different concentration conditions. (@) (DVE)
= (FN); (®) (FN) = 0.005 mole/liter << (DVE).

Copolymerization of DVE-FN I[znitiated by AIBN

The copolymerization of DVE-FN in methanoi at 60° C and initiated
by AIBN was studied in order to compare the results obtained in the
photopolymerization of the same system in the same solvent, To get
the most valid comparison, concentrations and compositions of DVE
and FN were the same, and the AIBN concentration was chosen so that
the rate of polymerizaricn lies in the same range of magnitude a3 the
rate observed in the photopolymerization. First of all, one cbserves
that the molar fraction of FN in the copolymers is approximately
0.59-0.62; this fraction is close to the 1:2 composition as indicated
earlier.

Essentially, the dependencies of the moncmers and AIBN
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FIG. 5. Initial rate of DVE-FN copolymerization in methanol at
60°C initiated by AIBN. (1) (DVE)= (FN) 1.2 mole/liter, (AIBN)=
6 x 10”° mole/liter; (2 (DVE) = (FN) = 0.9 mole/liter, (AIBN) =
6 x 10~ ® mole/liter; (3) (DVE) = (FN) = 0.6 mole/liter, (AIBN)=
6 x 10°° mole/liter; (4) (DVE) = (FN) = 0.6 mole/liter, (AIBN) =
3 x 10 mole/liter: and (5) (DVE) = {FN) = 0.6 mole/liter, { AIBN)
= 1.2 X 107° mole/liter.

concentrations on the rate of polymerization were studied. The
vields observed were plotted vs time (Fig. 5) in order to determine
accurately the rate of polymerization under the different concentra-
tion conditions (Table 1). The slope of the plot of log rate vs log
monomer or AIBN concentration ( Fig. 6) gives the order of
polymerization. An order 1.5and 1 for the total monomer con-
centration and for the AIBN concentration, respectively, were found
s0 that the rate can be expressed by

rate = k[ (DVE) + (FN)]'"* (AIBN) (1

The exact nature of the order 1.5 for the total monomer concentration
is discussed in another paper [ 7] in the case of the copolymerizations
of divinyl ether-maleic anhvdride and ethy! vinyvl ether-maleic an-
hvdride. The order 1 {or the AIBN concentration indicates that the
termination of the growing radicals is not a termination by coupling.
This order is strongly supporied by the fact that the molecular
weights of the polymers remain constant for different AIBN concen-
trations {Table 1).
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TABLE 1. Summary of the Results of the DVE-FN Copolymerization
in Methanol at 80°C Initiated by AIBN

{AIBN) (DVE) + (FN) Rate

(moles/liter x 10°) m/1

mEyT MW (mg/3 ml, liter/sec)

2 1.2
L2
1.2
1.8
2.4

D O W

0.51 3200 4.44 x 107*
0.62 3200 11.3x 107"
0.39 3600 24.3 x 107"
0.605 - 40.3 x 107*
0.62 - 65.3 x 10°*

2Calculated from nitrogen analysis. The values are mean values

from different samples.

+ 4 {ng/Smis-sec)

L.OG RATE

2 or
LOG(CVEFN)] (mih)

a2 23 (o]
LOG (AIBN)« 3 (mi/1)

FIG. 8. Dependence of the monomer concentration and the AIBN
concentration on the rate of polymerization.
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Determination of the Number of Photons Absorbed

. . . _
According to Beer's law, the number of photons, (I\abs,T) AN’ ab

sorbed by the scluticn per second in a wavelength range AX is

= (N Dy Da (
(Npsr)an = (Noly, (1074 - 171073 (2
(N, )AA is the number of incident photons per second in AX, and Dk is
tne optical density of the soiution at wavelength (X, + X,}/2 {aXx =
A, = A, ). From the design of the apparatus, (ND)A/\ can be determined
by

(N Jay = (NDap @ (TER(TQhy (3)

where (NL) is the number of photons emitted by the lamp per

AX
second in the range AX; a is a factor involving the geometry of the
zpparatus (distance, cross area of the solution): and (TF)A and

(TQ)A are, respectively, the transmittance of the filter and the quartz
tube at a wavelength (A, + A,)/2. Combining Egs. (1) and (2):

- Dy D
(Nabs,T)A)\ B a<NL)AA(TF)R(TQ)A (10 - 1/107%) (4)
The fraction of (Nabs,’r)m\ absorbed by the noncompiex (NC) species
T J
(DVE + FN + methanol) and the complex (C) are (I\abs,NC)Az\ and
(Nabs,C)Ax’ respectively:
(excine
(Nabs,nc’ar™ Maps, 7'an P
2SNC T &S
(EAC)C
(I\‘abs,C)A)\= (Nabs,T)A/\ (e o) (c.0)
€3%ye * (€,8)¢c
and
Nabs,1/ax = Naps, nclan * Naps,clan (5)
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where (EAC)NC and (E.\C)C correspond to the absorbance (for a cell of

1 cm) at (A, +A,)/2 of the noncomplex species and the complex,
respectively. All these equations are established for a wavelength
range AX. The summation of all the terms invoived in relation {5)
over the spectrum leads to the total number of photons absorbed per
second by the whole solution, the noncompiex species, and the

complex; we note these values Nabs T Nabs NC? and Nabs c
» & y
Na.bs,'I‘ = z:(Na.bs,'r')A)t
=% b
TN s nean * T W o
= Naps,NC * Vabs,c (6)

The determination of the different parameters entering into the above
relations are considered further here.

The number of photons (NL )M emitted by the lamp per second in a

wavelength range AN is equal to the power of the lamp P ax in the same
AX divided by the energy of one photon hc/X\:

(NL) = PA‘\«\/KIC (N
If P,, is given in watts (J/sec)and A in 4 then ‘
_ = 14
(Np )y, = Py 25.02 % 10 (8)

The values of P AX for each mercury line of the lamp and the associate
values of (\IL Ax 2Te given in Table 2, Using this manner of calcula-
tion, one observes that AA is not constant. However, the calculaticns
are not affected if aA represents the width of each of the emission
lines of the lamp since the output of the lamp between the lines is
practically zero. In regard to this remark, it is quite evident that
( ( p

the values of (TF),\’ ‘TQ)M Dy, (E/\C)NC’ and (EAC)C are taken at
the A of the emission lines.

max

The parameters (T ) and (T are directly determined by UV

Q
spectroscopy or are avaxlable from the technical data sheets. Figure
represents the transmittances observed.
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TABLE 2. Power of the Lamp and Number of
Photons Emitted by the Lamp for the Different
Emission Lines

) o (LA (10m1%)
3660 25,6 47.0
3340 2.4 4.02
3130 13.2 20.7
3020 7.2 10.9
2970 4,3 6.41
2890 1.8 2.31
2800 2.4 2.87
2750 0.7 0.96
2700 1.0 1.35
2650 4,0 5.32
2570 L5 1,93
2540 5.8 7.39
2480 2.3 2.86
2400 1.9 2.29
2380 2.3 2.74
2360 2.3 2,72
2320 1.5 1.75
2220 3.7 4.12

Dy

The parameter (10 - 1)/10DK was determined as follows:

D,\=[(€hc)NC + (EAC)C]d {9)

According to Beer's law in which D, is the optical densitv of the
solution in the polymerization vessel, d is the thickness of the polymer-

ization vessel, and (exc;\,c and {EAC'\'C are the optical densities of the
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TRANSMITTANCE (%)

WNAVELENGTH (muy)

FIG. 7. Transmittance of the {ilters vs the wavelength. The
numbers refer to the catalog numbers of the filters.

noncomplexed species (DVE + FN + methanol) and the complex,
respectively, in 2 1 cm cell., Knowing the different values of the
optical densities in relation (9) ( see further), the value of

{ IODR - 1)/10D‘\ would have been easily determined if a square
cell had been used as the polymerization vessel. However, since a
tube was used, d takes different values at the different positions in

the tube so that a mean value of (lOD'\ - 1)/’10D'\ must be calculated.

However, the integrals of (IODl - l)/lOD'\ for continuous variations
of d from 0 to the diameter of the tube do not offer a direct solution.
The problem was solved by computer calculation, the details of which
are given in the Appendix. The values found vs the wavelength are
presented in Fig, 3 for concentration (DVE) = (FN) = 0,6 mole/liter.
Similar figures might be drawn for the other concentrations.

The parameter (EIC)NC was determined as follows. The values

of the optical densities (in a l-cm cell) of the methanol, and those of
DVE and FN in methanolic solution at the same concentrations as
used in the polymerization (0.5, 0.9, and 1.2 moles/liter), were
directly measured by UV spectrophotometry when they are higher
than 0.01 and lower than 2 (limits of the Beckman DK-2A spectro-
photometer). Ctherwise they were calculated following Beer's law
from the data obtained at more concentrated or more dilute solutions.
Flgure 9 represents the optical densities at one of these concentra-
tions, The sum of these values zives the optical density of all the
noncomplexed species.

The parameter (elc)c

the optical density (in a l-c¢m cell) of the complex DVE-FN, (EAC)C’

was determined as follows. Above 330 mpu
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FIG. 8. (¢ cNC/F e = (ge)g] (1), (e, /T S *

(GAC>C1 (2), and ( lOD)* /IOD’\ 3) vs Waveleng‘th for (DVE) =

(FN) = 0.6 mole/liter.
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OPIICAL DENSITY
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FIG. 9. Optical density observed or calculated vs wavelength.
(1) Pure methanol: {2) DVE at 0.6 mole /liter in methanol: (3) FN
at 0.6 mole/liter in methanol; and (4) DVE +« FN at 0.6 mole/liter
in methanol calculated for an equilibrium constant of compiexation
approaching 0. The same kind of curves can be obtained for other
concentrations.

at concentrations in DVE and FN equal to 0.6, 0.9, and 1.2 moles/liter,
was directly measured. For lower wavelengths the optical density
was measured at concentrations (DVE) = (FN) = 0.06 mole/liter, and
then recalculated from the value of the equilibrium constant for the
concentrations 0.6, 0.9, and 1.2 moles,/liter. It has been shown in the
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study of the complex that the equilibrium constant K is higher than 0
but lower than 0.2, If K is very low the concentration of the complex
increases 100, 225, and 400 times when the concentration of each
component increases from 0.06 to 0.6, 0.9, and 1.2 moles/liter,
respectively. If K = 0.2 these increase factors are approximately 83,
191, and 340, respectively. Thus the optical densities of the complex
for concentrations in DVE and FN equal to 0.6, 0.9, and 1.2 moles/liter
are, respectively, 100, 225, and 400 times, or 33, 191, and 340 times
higher than the optical densities measured for (DVE) = (FN) = 0,08
mole/liter following K- 0 or K = 0.2. However, the general trend of
further calculations is practically not atfected 'when (ekc)c is evalu-

ated with multiplication factors 100, 223, and 100, or 33, 191, and 340.
Indeed: 1) Up to 330 mu the optical densities are so high that small
variations of (e\c)C Dx. l)/lOD/\ which

shows a constant value equal to one ( Fig. 8). 2) It can be observed
in Fig, 8 that the ratios

cannot aifect the value of (10

(excine

(exCne ~ (&Ce

and

(exelc

c)

(% ne *+ (&8¢

take the values of 1 or 0 (except in a transition wavelength region at
approximately 250 myu). This means that the absorption of the solution
is either due to the noncomplexed species or to the complex depending

on the wavelength. Therefore, small variations orf (¢ \C)C cannot

greatly arffect the values of these ratios. The optical density of the
complex at concentrations (DVE) = ( FN) = 0.6 mole/liter calculated
with K - 0is represeated in Fig. 9.

The factor a was determined by the actinometric method described
by Hatchard and Parker [8]. Potassium ferrioxalate (3 ml) at 0.008
mole/liter was irradiated under exactly the same conditions as in the
photopolymerization with the interference filter 2337.

The concentration of Fe(II) arter different times of irradiation was
determined by measuring the optical density {(at 5310 myu) of the complex
formed with 1,10-phenanthroline. The plot of optical density vs time
{ Fig. 10) gives the rate of increase of optical density: 15.4 x 107 sec™!.
From the extinction ccefficient of the compiex Fe{II)-1,10-phenanthroline
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FIG. 10. Optical density at 510 mu of the complex Fe® =1,10-
phenanthroline vs the time of irradiation of a solution of potassium
ferrioxalate at 0.006 mole/liter.

(1.11 x 10" liters/mole) and from Avogadro's number and the
quantum vield of this photoreaction { 1.25 at 253 A), it becomes easy

to determine the number of photons absorbed; NobsT = 3.5 x 10%°
b

photons/3 ml/sec. The theoretical number of photons absorbed by
the whole solution was given in the relations (4) and (6}):

= aZ(N D - Dy \
Nabs.T = 2T(N ) 4y (TF))\(TQ),\ (10 1/10°2) (10)
(NL)A/\ is given in Table 2: (TQ)R and (TF)K for the filter 2537 are

given in Fig. 7. Moreover (10DX - 1)/10DA = 1 because the optical den-
sitv of the actinometric solution at 0,006 mole/liter is never less than 6

" in the wavelength range considered. Therefore, the product of the factors

included in the = of relation (10) is easily evaluated: 4.19 x 10*
photons/5 ml/sec. The factor a is determined by the relation (10)
knowing N and Z:
abs,T
3.35 x 10*° photons/sec 5 ml
o = 0.8 x 1077 (11)
4.19 x 10*® photons/sec 5 ml

Now, it becomes possible to calculate the number of photons absorbed
by the complex and the noncomplexed species 2t each individual Hg line of
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TABLE 3. Number of Photons Absorbed per Second by theb.\’oncomplexed
Different Filters and tar (DVE) = (FN) = 0.6 mole/liter™

Filter
A 954 930 930 + 954 053 053B
(mu) A B A B A B A B A

366 0.72 132 0% 12.7 0.65 117 -0.70 12.7 0.61
334 0.76 15.2 0.73 145 0.65 13.0 0.73 14.5 0.51
313 1.73 141 1.5 128 1.33 108 1.4 115 0.73
302 0.76 76.5 0.66 59.53 0.60 33.5 0.34 48.4 0.22
2917 0.56 43.1 0.42 32.3 036 28.0 0.28 215 0.1

289 0.31 16.0 0.22 1.3 0.18  9.55 0.08  4.32 0,02
280 0.5 19.5 0,32 12.6 0.27 10.6 0.04 1.66 0.01
275  0.22  6.52 0.12  3.98 0.11  3.25 0.01  0.17
270 0.48  8.87 0.28 5.2 0.22 417 0.01  0.03
265 3.0 33.2 167 18.6 1.33 147
257 2.62  9.95 1.31  5.45 1.08  4.12
254 145 324 7.85 17.2 6.02 13.2
248 12.4 4.4 670  2.37 4.7 1.68
240 11.2 6.25 3.64
238 12.6 8.75 3.47
236 11.0 5.85 2,82
232 5.75 2.63 0.86
222 3.05 1.14 0.16
A= (N o ndaa X107
®B = (N g clan X 107

wavelength at the different concentrations and for the different {iiters.
The results are tabulated in Tables 3, 4, and 3. Moreover, the total
number of photons absorbed by the whole solution, the complex, and the
noncomplexed species are determined for the different filters and the



10: 21 25 January 2011

Downl oaded At:

CYCLOCOPOLYMERIZATION. XI 365

Species and by the Complex at Different Wavelength Ranges for the

054 930 + 954 + 054 052 2537 2000

B A B A B A B A B A
1.1 070 12,7 0.58 10.7 0.44 17.96
101 0.68 13.7 0.56 1l.1 0.01 0.03

80 0.89 56.8 0.48 348.5
20,4 0,02 2,21 0.01 1.27
7.67
1.18 0.03
0.28 0.01 0.46
0.01 0.01 0.40
0.05 1.02
0.32 5.81
0.67 2.54
42 930
4,2 1.48
2.36
1.96
0.80
0.26
0.03 0.66

different concentrations by addition of the values given in Tables, 3, 4,
and 3. The final results as calculated are presented in Table 6.

Results of Photopolymerization and Discussion

The mean values of the rate of photopolymerization under different
experimental conditions are detailed in Table 7. The number of ex-
periments for each experimental condition and the standard deviation
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TABLE 4. Number of Photons Absorted per Second by the Non-

ZEEGERS AND BUTLER

complexed Species and by the Complex at Different Wavelength Ranges

for the Different Filters and for {(DVE) = (FN) = 0.9 mole/literd,b

Filter
A 954 054 2337 2000
{ mu) A B A B A B A B
338 1,02 27.06 0.99 28,03
334 0.66 21.28 0.39 19.18
313 1.17 143.80 0.47  57.93
302 0.48 77.28 0.01 2,23
297 0.34 43.21
289 0.20 16.11 0.03
280 0.34 19.66 0.01 0.48
275 0.14 8, 60 0.01 0.40
270 0.31 9.04 0,03 1.04
265 2.01 34.19 0.34 5.39
257 1.88 10.69 0.48 2.75
254 10.73 36.17 3.10 10.40
248 9.92 6.88 3.36 2,32
240 11.20 2,36
238 12.60 1.96
236 11.00 0.80
232 3.75 0.26
222 3.05 0.03 0.66
a -4
b‘; ; E:;abs,N():’)A.}( :;_1?{ :
abs,C’aa :

are presented in the same table.
ation in some cases takes relatively high values; however, not higher
than 30%. It is well known that photoreactions are very sensitive to
several factors. Fortunately, these errors do not affect the general

trend of the resuits.

It is observed that the standard devi-
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TABLE 3. Number of Photons Absorbed per Second by the Non-
complexed Species and by the Complex at Different Wavelength
Ranges for the Different Filters and for (DVE) = (FN) = 1.2 moles/
literayb

Filter

l 954 054 2537 2000

{mu) A B A B A B A B

336 1.23 45.27 1.20 43.586

334 0.80 24.62 0.54 22.19

313 0.88 183.17 0.33 77.81

302 0.34 77.28 0.01 2.23

297 0.26 43.40

289 0.15 16.16 0.03

280 0.22 19.78 0.01 0.46

275 0.11 6.83 0.01 0.40

270 0.24 9.11 0.02 1.05

265 1.56 34.64 0.27 6.06

237 1.44 11.13 0.37 2.84

254 8.41 38.49 2.43 11,07

24 10.36 6. 44 3.73 1.95

240 11,08 2.36

238 12,60 1.96

236 11,00 0.80

232 3.75 0.26

222 3.05 0.03 0.66
“A = (N nclan ¥ 1071
°8 - Nabs,clan ™ 107H%.

The polymers obtained by AIBN initiation and photoinitiation possess
the same characteristics. Their IR are identical with characteristic
absorptions of cvano and ether groups at 2260 and 1100 em™*. Molecular
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weights are of the same order of magnitude; moreover, the molar
fraction of FN in the copolymer is approximately constant (0.60 - 0.67),
indicating an alternating structure of 1:2 composition. However, the
molar fraction of FN in the copolymers obtained by irradiation with the
filter 2000 was lower., With this filter the light is essentially absorbed
by the noncomplexed species, therefore the initiation must be due to
excited state monomers. Moreover, these polymers are not vervy
soluble. These facts indicate that during polymerization some double
vonds are occasionally able to cross-link, leading to the inscluble
character and a composition between 1:1 and 1:2. The reason for such
phenomena is not well explained; it could be due to the initiation itself
or to some kind to propagation via light-excited species.

it was shown earlier that the copolvmerization initiated by AIBN
indicated an order 1.3 and an order 1 for the total monomer concenira-
tion and the AIBN concentration, respectively. As described further,
the rate of photopolymerization follows the same law, indicating that

- both kinds of initiation lead to similar polymerization mechanisms.

Figure 11 shows that the rate of photopolymerization is apprex-
imately a function of the 1.2 power of the number of photons abscrbed
by the whole solution (only, however, for the filters 330, 9534, 034, and
their combinations!), the 1.2 power of the number of photons absorted
by the complex (only also for the filters 920, 954, 054, and their

p |
3 )
- e ]
.— ]
3. :
B |
T P 1
o 3 & e’ j
3 _ 330+954 +054 ¢ i
x ! .—.>-.-s.‘. /.‘.?_... i

ﬂ‘ I/ !
o~ # . 2ec0 |
Q 4 ;

1 2 3
LOG Ngpg- 13
x N

N 9 o N
am NG aDs.C acs, T

FIG. 11. Dependence of the number of photons absorbed by the non-
complexed species, the complex, and the whole solution on the rate of
photopolymerization in methanol at 26-28°C. (DVE) = (FN) = 0.6
mole/liter. The numbers indicate the catalog numbers of the filters.
Similar curves can be obtaired for other concentrations.
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combinations), and the half power of the number of photons absorbed
by the noncomplexed species. At first sight it appears that the polymer-
ization is preferentially initiated by the noncomplexed species since all
the points plotted for the number of photons absorbed by the complex
or the whole solution present two exceptions with anomalous high
rates (see arrows in Fig. 11 for the filters 2000 and 2537). However,
the present statement is probably not valid as shown below. 1t is
important to note that the dependence of the number of photons ab-
sorbed on the rate of polymerization is apparent and has absolutely
no significance without consideration of the molecular weights of the
polymers and the guantum yields of polvmerization at each individual
wavelength.

Even if the rates observed with the different filters attest
important differences {(the rate with the filter 954 is 9 times higher
than with the filter 054), the molecular weights present constant values,
at least when the concentration is constant. From the traditional re-
lations { 9] over the rate of polymerization, one concludes that the rate
of polymerization initiated by UV, as well as the AIBN-~initiated
polymerization, must follow a first-order dependence of the number of
"effective' species formed per time unit, an "effective™ specie being
2 specie which can effectively initiate the polymerization. Let E
represent this number:

rate = & (12}

The number E depends on the number of photons absorbed multiplied
by the quantum vield &:

E = 8N (13)

abs

It can be shown that the polymerization cannot be initiated only by
the noncomboplexed species, at least when the pnotons are absorbed by
the complex and noncomplexed species together (that is, the case for
all the filters excep: the filter 2000 as described in Table 6). Thus if
the polymerization were initiated only by the noncomplexed species,
one would obtain, on the basis that the rate must follow a first-order
dependence of the number of "effective" species:

rate = KE (14)

NC

E\’C is the number of "effective' species {ormed per second relative
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to the noncomplexed scecies. Moreover,

E Z(D (15)

yc = Z(Pyclan

where (E is the fraction of ENC in a wavelength range AM. As

Ncar
stated in relation { 13), one obtains:

(E = ($ (16)

vclaxr = @nch Vaps,nclan

( \IC> being the quantum yield of the polymerization at wavelength

(A, +2A .)/2 relative to the noncomplexed species. Combining the re-
lations ( 14), (15), and (16):

= L/
Rate = kZ{dya)y (N abs,NC)A.\
- - J
= ke C"'(‘\'abs,.\c)
- 1
= K 2ycNaps,NC (17)
where Q\IC is 2 mean factor of the quantum yield for a given filter rel-

ative to the non-complexed species. It is important to note that (q’\IC )

is independent of the filter used and depends only on the wavelength,

while q’\IC is a mean factor for the different wavelengths which there-

fore cannot be correlated by mathematical relations to (@VC).\ except

for filters transmitting monochromatic light!

The fact that the rate shows an apparent half-power dependence of
the number of photons absorbed by the noncomplexed species was
previously stated:

rate = k' (N )2 (18)

abs,NC
For an agreement between relations {17) and ( 18), one would obtain:

$,. . = function of (N )=t (19)

NC abs,NC

Such an expression means that é\IC must increase when Na.bs NG de-
creases, and inversely. * ”
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LOG RAVE

F1G. 12. Simbplified representation of the log of the rate vs the log
of Nabs NC for the filters 934, 2537, 054, and 2000,

Figure 12 shows a simplified representation of the observed rates
vs Nabs NC where one observes that the following sequence for the

filters 2000, 2337, 054, and 954 must be found for passing from a
slope 0.5 to a slope 1:

®ycl 2537 > (Pnclesa (20)

{As shown in Fig. 12, the absolute values of q’NC show a reverse

sequence! In fact, however, the quantum vield is smaller than unity,
as shown below, so that negative log values must be considered)., The
sequence (20) is, however, practically impossible to establish as
shown in the simplified representation of the transmittance of these
filters (Fig. 13). Indeed, if the quantum yield decreases when the
wavelength increases {that can be generally expected), the analysis
of Fig. 13 leads to the conclusion:

> (&

(®ncl2000 ™ (Pxclasar (21)

ncless ~ (®nclosy

Even if the guantum yield increases when the wavelength increases
{less probable}, the reverse sequence will be found, so that no segquence
as required in relation (21} can be established except that if irregular
variations of the quantum vield with the wavelength is assumed. Such a
possibility is highly improbable.

One concludes that the initiation cannot be due only to the non-
complexed species when the photons are absorbed by the complex and
the noncomplexed species together. But, since the polymerization
occurs with the filter 2000 for which only the noncomplexed species
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TRANSMITTANCE

WAVELENGTH

FIG. 13, Simplified representation of the transmittance of the
filters 954, 2537, 054, and 2000,

absorb the incident photons, cne must admit that the noncomplexed
species may initiate the polymerization. Therefore, the final con-
clusion is that the polymerization can te initiated both by the complex
and the noncomplexed species when both the complex and the non-
complexed species ahsorb the incident photons: it seems reasconable
to suppose that their relative contributions in the initiation step
correspond to some extent to their relative absorption. The present
conciusion may not be too surprising; the above developments bring
only supplementary support for this conclusion through some
physicomathematical considerations. The rate is thus expressed by

rate = kET {22}

where ET is the total number of "effective' species in the whole

sclution. In the same manner as described above, one obtains

rate = ké‘rNabs,T (23)

where &, is the mean quantum yield for a given filter relative to all

T
the excited species in the solution. [t was already observed that for
the filters 954, 930, 034, and their combinations

rate = k(N 3t (24)

abs,T
A correlation between the relations (23) and (24} gives

., = function of (N (25

)0.2
T ahs,T
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The quantum yield increases with the number of photons absorbed by
the whole solution. This relation is only valid, however, for the
filters 954, 054, 930, and their combinations.

Moreover, the rates with the filters 2337 and 2000 were abnormally
hicgh (see arrows in Fig. 11}, In order to obtain a first-order de-
pendence of the total number of "effective” species for any filter, the
mean quantum vieid of the f{ilter must follow the sequence (as shown
in the simplified representation, Fig. 14):

(Prlongo > (®plpssr = (Bplgsy > (Eplpsg (26)

:':j.\' ....... 4545

,‘ ZOO« l

LOG RATE

L05 Nabs,T
FIG. 14. Simplified representation of the log of the rate vs the log

of N for the filters 934, 2337, 054, and 2000,
abs,T

It is remarkable that this seguence is in full accord with the concept
of an increase of the quantum vield with a decrease of the wavelength
as already stated in relation (21).

Filters 2000, 2337, and 054 are especially interesting because they
cover a small range of the spectrum. From Fig. 14 (or 11)itis
possible to determine the relative values of the quantum yield for these
filters:

(®1)a000 = 3 1l2337 = 59 (Eplosy (27

¥rom the molecular weights and the rate measurements it is quite
possible to calcuiate the number of polymeric molecules Npm formed

per second (Table 7). Dividing this number by the number of photons
absorbed, the quantum vield for a given filter is obtained {Table 7).
At (DVE) = (FN) = 0.6 mole/liter, it is found that

(&plogar

(%

0.03

I’
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and from the relation (27)

(®p)yg0p = 015 (28)

As indicated above, these filters cover small ranges of the spectrum
and their quantum vields can be approximately equated to the gquantum
vields of these wavelength ranges:

(Pp)\ < 225mu = 0.13
(®p) 225mu < A < 280my = 03
(%)) < 230ma = 0.003 (29)

The interest of these approximations lies in the fact that it becomes
possible to determine Na.bs T @T for the filters covering larger wave-
’

length ranges. Indeed, from the relation

N =N ) (30)

abs,T 27 = *Naps T)an (20

can be evaluated taking the values of (N already

abs,T)A.\

"I‘)\ given in relation (29). The
values of Nabs,'r d:.r are tabulated in Table 6 while the plot of the log

of the rate vs the log of N

Nabs,T ®T
given in Table 3 and the values of (&

abs,T @T is given in Fig. 15, It is absolutely

remarkable that all the points are approximately on a line of slope 1,
indicating a {irst-order dependence of the number of eifective species
initiating the polymerization. The points for the filters 2000, 2337, and
Q054 are evidently on 2 line of slope 1 since one started from the values
of their quantum yield for all the calculations and approximations.
However, the fact that the points for the filters 930, 954, and their com-
binations are on the same line indicates at least that the method of
calculation is adequate and that the conclusion concerning an initiation
by the excited state of all the species (complex and noncomplexed)
appears correct. Similar considerations might be drawn {or the other
concentrations in DVE and FN. Relation (27) is still valid; however,
absolute values of the quantum yield as indicated in the relations {28)
cannot be determined since the molecular weight measurements are not
sufficiently precise due to the partial insolubility of the polymers.
Nevertheless, the relative values given in relation {27) might be con-
sidered, and the log of the rate vs the log of Nabs T <I>T would also lead
1

to a line of slope 1 (the difference would lie in the fact that Na.bs,’r @T
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LOG RAFE ¢ L (mg/Smis-sec)

LO0G (N -1

abs T’ QT,
+ FIG. 13. Dependence of the total number of photons absorbed by
the whole solution multiplied by the quantum yield {as indicated in
Eq. 30) on the rate of photopolymerization, (DVE)= (FN)= 0.6
mole/liter. The numbers refer to the catalog numbers of the
fiiters.

would be given with the aporoximation of a constant). Absolute
values as given in the relations ( 28) might also be taken for the
other concentrations; however, there is no proof that the values of
the quantum yield remain constant with the monomer concentration.
This important question, which was not completely resolved in our
experiments, is, however, discussed briefly in the last part of this
paper.

The last experiments were concerned with the dependence of the
total monomer concentration on the rate of polymerization using
four typical filters (954, 054, 2537, and 2000). The log of the rate
vs the log of the total monomer concentration is given in Fig. 16,
and one observes that the order is 2.3, 1.9, 1.5, and 1 3, respectively,
for the filters 054, 954, 2537, and 2000. An order 1.5 was expected
since this order was found for the AIBN-initiated polymerization.
The orders 2.5 and 1.9 are apparent orders. Indeed, with the filters
054 and 954 an increase of the concentration increases the optical
density at the same time, and therefore the number of photons ab-
sorbed, and also the number of effective species initiating the
polymerization: while with the filters 2000 and 2537 the optical den-
sity is already so high that in all cases all the photons are absorbed,
so that Nabs,T remains constant (see Table 6). The rate is therefore

expressed by

rate = [(DEV) + (FN)]™ (31)

I )
I\‘a.bs,T d’T‘
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(mg!5mil-sec)

LOG RATE ¢« 4

c«’ \J¢2 \ \:3
woeliove -Enl mi

FIG. 16. Dependence of the total monomer concentration on the
rate of photopolymerization for four different {ilters. (DVE) = (FN).

The supposition may be made that <I>T remains constant for a given
filter. Since Nab S.T is a function of the monomer concentration (at

least under the present concentration conditions for the filters 954 and
054}, the order n is found by the plot of the log of the rate divided by
Nabs T V8 the log of total monomer concentration (Fig. 17). In all

?

cases n = 1.5, Tt is evident for the filters 2000 and 2537 because for
these, {ilters Nabs T is constant, but for the other two filters the
b

passage from an order higher than 1.5 to an order 1.5 represents a
result of highest interest indicating once again that the method of
calculation of the number of photons absorbed is correct and precise.
it is shown in another paper { 7] that in the DVE-maleic anhydride
copolymerization initiated by AIBN, the efficiency of the initiator
always increases with an increase of the monomer concentration.
The eificiency was evaluated by the nitrogen analysis of the polymer
since the nitrogen presence is only due to the decomposition of the
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FIG. 17. Dependence of the total monomer concentration on the
rate of photopolymerization divided by the total number of photons
absorbed in the case of four different filters (DVE) = (FN).

initiator. The order of monomer concentration varies between 1 and 2;
but by calculations, including the efficiency of the initiator and the
order of the AIBN concentration, it is snown that the true order of the
monomer concentration is close to 1 and is generally expected for the
polymerization.

It is therefore reasonable to assume that the order 1.5 observed in
the DVE-FN polymerization initiated by AIBN is also an apparent
order. Unfortunately, we were not able to make the same approxima-
tions as we did for the DVE-~-maleic anhydride system, since in the
DVE-FN system the percentage of nitrogen due to the decomposition
of AIBN cannot be determined because there is a high nitrogen content
due to the fumaronitrile.

Similarly, it can be assumed that the order 1.5 of the photopolymer-
ization is apparent and due to the change of the efficiency, i.e., the
quantum yield, with the monomer concentration. Unfortunately, here
also no precise resuits can be obtained since the quantum yields were
not determined for concentraticns other than 0.6 mole/liter. Neverthe-
less, if it is presumed that the true order is 1, one must necessarily
conclude that the quantum vield is a function of the half power of the
monomer concentration

APPENDIX

The intensity of the light absorbed Iabs is related to the incident
intensity I, by
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-1

abs 0 1 OD

where D is the optical density of the solution, and
D = ecd

where ¢ is extinction coeificient, ¢ is the concentration, and d is the

thickness of the cell. When the concentration is constant, D = ad

where a is a constant (= €c). In the present paper, a = (&,C) .~ +
" ATINC

(e C)C (see relation 9).

A
The value of { lOD - l)/lDD is 2asily determined for a square cell

because the thickness is constant. However, when the solutionis ina
tube, the problem becomes more complicated since d takes different

values, A mean value of (10D - 1)/10D must be calculated. The term

(10D - I)IOD may be represented by the symbeol Z.

The solution in the tube can be divided in two parts: the bottom of
spherical shape and a cylindrical part above. In a cartesian co-
ordinate system, as indicated in Fig. 18 the coordinate d is related to
the coordinates x and y as {ollows: 1) In the cylindrical part

-

d=2" - x*)?

where r is the radius of the tube, and

102 - x?) e 1
Z= - =Z

2 2 2
lo-a(r- - < )l/-

2) In the spherical part

d=2(r2 _xz _y:)xlz

and

1023(1‘2 -xi- yz)x/z -1

10%3(p? - % - y? e S
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Zc and Zs are the typical values of Z for tie cylindrical and spherical

parts.
For continuous variation of x and y, the integrals of Zc and Zs do

not afford direct solutions so that the use of a computer is necessary
to solve the problem by approximation. The problem is symetrical
versus the x axis: thus one may consider only one half of the tube as
represented by the top and side view of the tube (see Fig. 19),

X is divided between x = 0 and x = r in m parts, and the value of x
in the middle of each division is

2n+ 1

r n=0,12 ..., m-2 m-1

v is divided between vy = 0 and y = r in p parts, and the value of y
in the middle of each division is

2g+1

y= T q=0,1,2,...,p-2,p-1

2p

One obtains: 1) For the cylindrical part

2n + 1 1

d= 2{ 1'2 - (—Zm—r
2) For the spherical part

d=2(1': - (2n+ 1 r)z - (2p + lr)zll/z
2m 2p

That m = p may be assumed in order to simplify the problem. The
values of Zc and Zs are sums of the values at each individual division

divided by the number of divisions. After some adequate transiorma-
tions, one obtains

nzm-1 103t s m)[4m® - (2n+1)* P - 1
n=0 - —
10a(r/m){ 4m” - (2n+1)*]*°
A
[

m
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. Fig. 20) since for some values of n and g the factor 4m® - (2n + 1)
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g=m-1 n=m-1 loa(r,’m)[ém: -(2n+1F =(2gq+15 1%

g=0 n=0 loa(r/’m)[-}rrf-(2:’1-1-1}"-(21:1+J.)2]l :

-1

] mi-y

Note: For Zs the number of divisions is less than m® {see

2
2

is less than 0. So the == must be divided by a number less than m”,
in this case m~ - y. The term 3 was also evaluated by computer.

FIGURE 24.

In the present paper the values of Z_ and ZS were determined taking

m = 50 (in that case, y = 335} for different values of ar chosen arbi-
trarily, or different values of a since r is fixed at 1.1 cm.

However, the problem is not completely solved because a mean
value of Z is needed for the two parts of the tube. Z depends on Zc’

Zs’ and the relative cross sections of the cvlindrical and spherical

parts. The cross section of the cylindrical part is 2rh and for the
spherical part is =" /2, So

Z.2rh + Zgnr®/2
7 =

2rh + 7r° /2

The tube is filled with 5 ml and the radius is 1.1 cm. Therefore,
2rh = 1.28 cm® and =7°/2 = 1.9 cm®.

A plot of Z vs arbitrary values of a is given in Fig. 21.
This plct permits the determination of Z for any value of a.
The values of Z corresponding to the values of a in the present
paper were plotted vs the wavelengths in Fig. 8.
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' 2
e C) * (8¢} (=)
K% B

FIG. 21. Values of (103‘d - 1)/10ad vs arbitrary values of "a" for
continuous variations of d from 0 to 2.2,
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