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The reaction rates for sulfone formation by the ionic dark addition of benzenesulfinate ions to acrylic
monomers are compared with the quantum efficiency of monomer free-radical polymerization initiated
by dye-triplet redox reaction with benzenesulfinate ions. In aqueous solutions both ionic addition rates
and photopolymerization yields are decreased by electron-withdrawing para substituents on benzenesul-
finate. A Hammett equation correlation for the rate constants of ionic addition to acrylamide shows a p
value of —1.23. Steric effects of using ortho in place of para groups decrease the dark reaction rates three
to four times as much as they do the photopolymerization yields for a particular substituent. The tem-
perature dependence for the rate constant (M~ sec~!) of benzenesulfinate ion addition to acrylamide is
k =~ 2.2 X 107 exp(—17.5 kcal/RT). The rate constants for the ionic addition of p-toluenesulfinate ions to
different acrylic monomers vary over five orders of magnitude, while the photopolymer quantum yields
change by only one order of magnitude. Steric and electronic effects in the monomer structure decrease
the ionic dark reaction rates with methacrylic structures and with diacetoneacrylamide. Fast addition
rates are obtained with acrylic acid and hydroxyethyl acrylate. N-Methylolacrylamide, acrylic acid, and
diacetoneacrylamide are polymerized more efficiently than acrylamide. Aqueous solutions of diacetone-
acrylamide containing o-toluenesulfinate ions and Methylene Blue have long-term dark stability as

well as good sensitivity for high photopolymer yield.

Introduction

We are studying the reaction mechanisms in photopo-
lymerizabie solutions, particularly those in which dye-sen-
sitized reactions with benzenesulfinate ions initiate the
free-radical polymerization of acrylic monomers.! These
reactions are of interest in rapid-access imaging pro-
cesses,? including high-resolution holographic recordings.8:*
In the first paper of this series® we investigated the
reactions of photoexcited Methylene Blue with para-sub-
stituted benzenesulfinate ions and the resulting free-radi-
cal polymerization of acrylamide solutions. Sulfinic acids
are also known to add to unsaturated compounds to form
sulfones.?-6 Benzenesulfinate ions react similarly? with
acrylic monomers in an ionic dark reaction (eq 1) which

X-C,H,S0,” + CH==CHY + H,0 >
X-C,H,SO,CH,CH,Y +OH™ (1)
(where Y = CONH,, COO™, COOH, CN, etec.)

can be considered as a Michael-type addition.® The sul-
fones are unreactive with photoexcited dyes as compared
to sulfinates. Thus the dark reaction limits the shelf life
of the photopolymerizable solutions because high mono-
mer concentrations gradually use up sulfinate ions and
decrease the photosensitivity. In this paper ortho and para
substituents on benzenesulfinate ions as well as differ-
ences in monomer structure are studied to determine elec-
tronic and steric effects on the dark reaction (eq 1) as
compared to the photopolymerization efficiency. In brief,
our goal was to find structures which would decrease the
rate of the dark ionic addition of benzenesulfinates to
acrylic monomers without decreasing the free-radical po-
lymerization efficiency initiated by dye-triplet redox reac-
tions with these benzenesulfinate ions. Qur studies are in
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aqueous solutions, mainly in the pH range of 6 to 8 where
efficient photopolymerization can occur by Methylene
Blue sensitization. Acrylamide is used as the monomer
with which to compare the effects of ortho and para sub-
stituents on benzenesulfinate ions; and p-toluenesulfinate
ions are used to compare the effects of different acrylic
monomer structures.

Schjinberg® measured the rate constant for the addition
of benzenesulfinic acid to acrylic acid in the low pH range
{about 1.1 to 1.7) where the sulfinic acid would be partly
ionized and the acrvlic acid would be essentially all in the
acid form. Ogata, et al.,7 studied the addition of para-
substituted benzenesulfinate ions to acrylonitrile; in buff-
ered aqueous solutions at 50° they found a Hammett p
value of —~1.15. Kinetic studies also have been made of
sulfone formation by benzenesulfinate ions reaction with
other substrates; substituent effect correlations were re-
ported by Ogata, et al..® on the addition to p-benzoqui-
none, by Ritchie, et al.,1% on the addition to diazonium
salts, and by Lindberg!* on the displacement reaction
with bromoacetamide and bromoacetate. In general, the
rates of these reactions were accelerated by electron-re-
leasing substituents; the reported p values ranged between
—1.55 and —0.712. Lindberg!! also studied the bromide
displacement reaction with ortho-substituted benzenesul-
finates and found that they reacted more slowly than the
corresponding para-substituted ions.

Experimental Section

Kinetics of lonic Addition Reactions. The dark reaction
rate was followed by measuring the OH~ liberated as sul-
fone is formed (eq 1), using aqueous solutions in which no
dye was added. The monomer solution (45 ml) was adjust-
ed to the desired pH, mixed with the sodium salt of the
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TABLE I: Ultraviolet Peaks of Suifones

Sulfone Amax, NN 107 2emax
CgH5S0,CHCHCONH, 272 9.1
265 10.86
258 7.6
p-CHCgi4S0,CHCHCONH; 273 8.5
264 7.7
262 7.9
p-CH3CONHCgH4S0,CHCHCONH, 261 184
p~CH3CeH4SOZCHQCHchOCH3 273 6.3
262 7.7
p-CH3CsH480,CH,CHCOCH 273 6.2
263 7.5

benzenesulfinate solution (5 ml of 0.1 N), and placed in a
constant temperature bath. In most runs the pH was
maintained constant within £0.05 units by the addition of
0.25 N HC1 added from an automatic titration instrument
connected to the electrodes of an expanded scale pH
meter. The pH was recorded continuously, showing each
addition of acid. Usually the reactions were followed to
about 70% completion, and at the end of each run the
total volume of acid added was used to calibrate the aver-
age volume of each droplet. The rate of acid addition was
assumed equal to the rate of sulfone formation. Generally
the initial reaction mixture was 1 to 3 N in acrylic mono-
mer and 0.01 N in sulfinate jons, so that the monomer
concentration was essentially constant and the reaction
rate followed pseudo-first-order kinetics. Corrections were
made when lower concentrations of monomer were used.

Manual titrations with a microburet were used to follow
the addition reactions with the barium, strontium, and
potassium acrylate monomers, and for the slow reactions
with methacrylic monomers. The electrodes were placed
in the reaction mixture only during the titrations, and the
pH did not vary more than £0.2 units.

The addition rate of p-toluenesulfinate to acrylic acid
was followed spectrophotometrically using a Cary 14R.
Equal volumes of 0.2 N solutions were mixed, adjusted to
the desired pH with a small volume of acid, and held in a
thermostated bath. Aliquots were transferred to a fused
silica cell at regular intervals and the absorbance at 270
nm was measured to follow the sulfone formation. The
reaction followed second-order kinetics.

Photopolymerization. The quantum yields of bleaching
and polymerization were measured as previously de-
scribed.? Nj-bubbled 1 N acrylic monomer solutions were
used at pH 7. They contained 20% by volume of phos-
phate buffer (Beckman) and had concentrations of either
4 X 10~3 Nor 1 X 10-2 N sodium p-toluenesulfinate, and
8 X 10-% M Methylene Blue. They were exposed with a
narrow band of light passed by a 667-nm interference fil-
ter in front of a 100-W Zr arc lamp. The incident light in-
tensity was about 5 X 10** photons cm~2 sec~!l. The
method of analyzing the polymerization yield varied with
the monomer being studied. The photopolymers from ac-
rylamide and barium acrylate were isolated by precipita-
tion in methanol, filtering, drying, and weighing. Poly(di-
acetoneacrylamide) was precipitated in water, filtered,
dried, and weighed. The polymer yields from solutions of
acrylic acid, potassium acrylate, N-methylolacrylamide,
and methacrylamide were determined by monomer analy-
sis before and after exposure, using a bromine addition
method.12
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Materials. Sodium benzenesulfinate and sodium o-
aminobenzenesulfinate (Eastman), sodium p-toluenesulfi-
nate (Aldrich), and p-acetamidobenzenesulfinic acid (Al-
drich) were used as received. The sodium salts of p-
chloro-, p-bromo-, p-nitro-, o-methyl-, and 2,4,8-trimeth-
ylbenzenesulfinic acid were synthesized from the corre-
sponding sulfonyl chlorides by reduction with sodium sul-
fite.!3 They were purified by precipitation as the ferric
sulfinates!* and converted to aqueous sodium sulfinate so-
lution. p-Aminobenzenesulfinic acid was prepared by the
hydrolysis of p-acetamidobenzenesulfinic acid with sodi-
um hydroxide by the method of Lindberg?® (neutraliza-
tion equivalent: caled 157, found 156). Sulfinate purity
was checked by uv spectra,® and when possible by poten-
tiometric titration.?

Acrylamide (J. T. Baker), methacrylamide (Rohm and
Haas), and diacetoneacrylamide (Lubrizol) were purifed
by recrystallization. Acrylic acid and ethyl acrylate (J. T.
Baker) and acrylonitrile (Eastman) were purified by vacu-
um distillation. 2-Hydroxyethyl acrylate and 2-methoxy-
ethyl acrylate (Polyscience) and 2-hydroxyethyl methacry-
late (Rohm and Haas) were vacuum distilled after treat-
ment with barium hydroxide and drying. N-Methylolac-
rylamide (American Cyanamid) and hydroxymethyidiace-
toneacrylamide (Lubrizol) were used as received. Metal
acrylate solutions (K, Ba, Sr) were made by neutraliza-
tion of acrylic acid with the metal hydroxides.

Sulfones. The addition of benzenesulfinic acid to acrylic
monomers (as in eq 1) has been used to produce the corre-
sponding sulfones with yields in the 70-90% range.5.18.19
We prepared several sulfones in this manner and recorded
their ultraviolet spectra, which are summarized in Table
I. Three sulfones were made from acrylamide. Aqueous
solutions of the sulfinate (25 ml, 0.5 M) and acrylamide (5
ml, 5 M) were mixed and allowed to stand 1 week at room
temperature, then neutralized with HCl. 3-(p-Tolylsul-
fonyl)propionamide (recrystallized from aqueous ethanol,
mp 176-177°; lit.® 175-177°) crystallized out readily,
whereas 3-phenolsulfonylpropionamide (flakes, recrystal-
lized from aqueous ethanol, mp 125-126°; lit.6 126-127°)
and 3-(p-acetamidophenylsulfonyl)propionamide (needles,
recrystallized from anhydrous ethanol, mp 189-190°; lit.®
190-191°) crystallized only after removal of some of the
solvent and refrigeration for 3 weeks. Methyl 3-(p-tolylsul-
fonyl)propionate was prepared by treating 10 g of sodium
p-toluenesulfinate with 35 g of methyl acrylate in 500 ml
of a water~methanol solution (1:2) at 50° for 8 hr. Water
was added and on cooling an oil separated out, which was
crystallized from water: mp 72-73° (lit.8 73.5-75°). Hy-
drolysis of this methyl ester with 6 N HC! was used to ob-
tain the 3-(p-tolylsulfonyl)propionic acid, which was re-
crystallized from water: mp 112-113° (lit.5 112-113°).

Nonradical Nature of Sulfinate Addition Reaction. The
following experiments were conducted to show that the
dark reaction was not a free-radical process, which has
been suggested as an alternative mechanism.?® (a) The
reaction products from addition reaction of benzenesulfin-
ates with acrylamide were dumped into excess methanol.
No precipitate of polyacrylamide was observed. (b) The
dark reaction rate of p-toluenesulfinate addition to acryl-
amide was observed to be the same in the presence or ab-
sence of 0.1% p-methoxyphenol, a free-radical reaction in-
hibitor, when studied by the automatic titration method
outlined above. (¢) The rate of pH change from the addi-
tion reaction was observed to be the same in the presence
or absence of oxygen. Reactants mixed after vacuum evac-
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uation (freeze-thaw technique with solutions in side arms)
showed the same rate of color change from a pH indicator
as solutions exposed to air. In each case 0.5 ml of 0.1 N
sodium p-toluenesulfinate was mixed with 4.5 ml of 40%
acrylamide containing 0.1% p-methoxyphenol and a few
drops of m-Cresol Purple. (d) A quantitative comparison
of the p-toluenesulfinate ion concentration remaining in
evacuated vs. open solutions of acrylamide was made 19
hr after mixing solutions as in ¢ (but without an indica-
tor). In each case a 0.25-ml aliquot of the reaction solution
was added to 2.25 ml of 4.0 N barium acrylate and 0.25
ml of 6 X 10-% M Methylene Blue. The induction periods
and rates of barium acrylate photopolymerization?® were
identical within experimental error. This showed that
after 19 hr the sulfinate ion concentration in the acrylam-
ide was the same whether oxygen had been present or ab-
sent.

Stability of Sulfinate Solutions. Potentiometric titra-
tions!” of 0.1 N sodium benzenesulfinate and sodium p-
toluenesulfinate solutions stored at room temperature
showed no change in sulfinate concentration over periods
of several years. Air oxidation of these sulfinate solutions
is negligible®? compared to the ionic addition reactions,
even at 80°.

Results

Sulfinate Ion Addition to Acrylamide. The rate of the
thermal addition of various benzenesulfinates to acrylam-
ide was measured by following the rate of OH~ liberation
as in eq 1. (No dyve was present and no polymerization oc-
curred.) A typical rate constant plot is shown in Figure 1,
where the p-toluenesulfinate ion concentration at each
point was calculated from the initial value minus the acid
added to maintain the pH at 7. Pseudo-first-order kinetics
were followed, as expected due to the large excess of mo-
nomer. Table II shows a summary of various rate con-
stants calculated from the slope of the line in plots similar
to Figure 1. A given set of standardized reactant solutions
showed good reproducibility for the calculated rate con-
stant (better than £10%). However, considerably wider
variations {10-30%) were observed between some individ-
ual rate constant values measured at different times with
different standardized reactant solutions. Such variations
are shown in the p-toluenesulfinate data in the first row of
Table II. We do not know the source of these variations.
However, they may have been partly due to differences in
the pick-up of carbon dioxide by the monomer solutions
during the kinetic runs. Nitrogen-bubbled solutions con-
sistently gave slightly higher rate constants, e.g., 7.4 X
1076 M1 sec~! for the p-toluenesulfinate addition. The
second row shows that the average rate constants were not
significantly different over the pH range 6-9. The third
row in Table II shows that somewhat higher rate constants
were obtained using 1.0 and 2.5 M monomer as compared
to the highly concentrated 5.1 M acrylamide solutions.
The next two rows show the effect of temperature on a se-
ries of kinetic runs made with p-toluenesulfinate and with
benzenesulfinate. Kach series was run with the same sulfi-
nate and acrylamide solutions. Arrhenius equation plots of
these rate constants (in M~! sec~!) gave log kcn, =
(—=17.1 = 0.7)/2.3RT + 7.3 £ 0.5 and log ky = (~17.5 =
0.4)/2.3RT + 7.3 + 0.3, respectively. The last two rows in
Table II show the average reaction rate constants for other
para- and ortho-substituted benzenesulfinate ionic addi-
tion reactions.
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Figure 1. Kinetic plot for addition of p-toluenesulfinate ions to
5.06 N acrylamide, pH 7,25° (k = 7.4 X 10" 8 M~ 1sec™ ).

TABLE II: Rate Constants for lonic Addition to Acrylamide

Variable
X-CgHsS0,~ condition?® Obsd rate constants,” 108k
X = p-CHj (6.8, 6.6, 6.4, 8.0, 7.4) = 7.0 av
p-CH;  pH 7.9 (pH 6), 7.0 (pH 7), 6.5 (pH
8),7.4 (pH9)
p-CHs  [Acrylamide] 7.0 (5.1 M), 9.1 (2.5M),8.8 (1.0
M)
p-CHs  Temp 3.3 (20°), 6.4 (25°), 8.8 (30°),
15.2 (35°%), 22.2 (40°%)
H Temp 1 (20°), 3.5 (25°), 5.3 (30°),
9.6 (35°), 13.9 (40°)
p-X 16.4 (NH,), 3.5 (CH3CONH),
1.8 (Br), 1.7 (Cl), 0.3 (NO,)
0-X 5.3 (NH3), 1.6 (CH3), 0.03

(NO32), 0.3 (2,4,6-CH3)

@ When not varied; 5.07 M acrylamide, 0.01 M sulfinate, 25°, pH 7.
 Average values from different reactant solutions, except for temperature
runs where the same solutions were compared.

Photopolvmerization of Acrylamide. When a dye such
as Methylene Blue was added to acrylamide solutions
containing benzenesulfinate ions, exposure to light caused
photopolymerization to occur much more rapidly than the
ionic dark reaction. We have shown! that this polymeriza-
tion is initiated by free radicals generated from the sulfi-
nate ion redox reaction with the triplet state of the dye
(eq 2). The efficiency of photopolymerization is related to

X-CH,S0,” + D = X-CH,S0, + D- 2)

the rate of this dye-triplet reaction with the sulfinate ions.
We compared the effects of ortho- and para-substituted
benzenesulfinate ions by measuring the quantum yields of
dye bleaching (®g) and acrylamide polymerization ()
under the same conditions. These results are summarized
in Table I1I.

p-Toluenesulfinate and Acrylic Monomers. The effect of
the monomer structure on the rate of the sulfinate ionic
dark addition reaction was studied by using p-toluenesul-
finate with various acrylic monomers in the absence of
dye. The results are shown in Table IV. Whenever possi-
ble, 1 N aqueous monomer solutions were used at pH 7.
Methylene Blue was added and dye-sensitized polymer-
ization quantum yields were measured for many of these
monomer solutions.
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TABLE I11: Photopolymerization of Acrylamide?

<I>B (F\/J

X—CGHASOQ~ o-X p-X o-X p-X

= NH; 0.13 0.12 1250 1180
CHs 0.13 0.15 1740 1740
CH3CONH 0.08 1260

H 0.14 1730

Cl 0.07 930

Br 0.05 730

NO, 0.004 0.02 85 280

Mesitylene 6.09 1100

@ Quantum yields from 4 X 10~3 M sulfinate and 8 X 108 M Methylene
Blue in 1 M acrylamide, pH 7, 25°, 4 X 104 photons cm~2 sec ™ incident
intensity.

TABLE IV: Dark Reaction Rates of p-Toluenesulfinate lon
Addition to Monomers Compared with Dye-Sensitized
Photopolymerization Yields

lonic Dye-sensitized
addition photopoly-
rate? merization®
Monomer? 108k 10730y Pg
2-Hydroxyethyl acrylate® 1.1 X 1038
Acrylic acid® 9.1 X102 2.2 0.07
Ethyl acrylate? 1.9 X 102
Hydroxymethyldiacetoneacrylamide 6.2 X 10
Acrylonitrile 52X 10
Barium acrylate 2.6 X 10 1.5
Strontium acrylate 2.6 X 10
Potassium acrylate 2.0 X 10 0.64 0.13
Methoxyethyl acrylate? 1.8 X 10
N-Methylolacrylamide 1.5 X 10 5.4 0.12
Acrylamide 8.8 1.3 0.13
Diacetoneacrylamide 0.80 2.0
2-Hydroxyethyl methacrylate? 0.08
Methacrylamide 0.02 0.31 0.15

21.0 N monomer, 1072 M p-toluenesulfinate, and pH 7 except where
specified. ? At 25° k in M~ sec™ 1. €8 X 10~% M Methylene blue and
5.2 X 10% photons cm~2 sec™ ! intensity. ¢ 0.25 M monomer. ¢ Mono-
mer 0.1 M for addition reaction and 1 M for photopolymerization, pH 2.5,

Discussion

Effect of Conditions. The rate of the p-toluenesulfinate
ion dark addition to acrylamide was independent of pH
(in the 6-9 range) and the presence or absence of oxygen.
The kinetics of the dark reaction are consistent with the
nucleophilic addition of the sulfinate ion to the double
bond being the rate-determining step, as has been as-
sumed by others? for similar reactions. However, eq 1
should be considered a reversible reaction in which the
equilibrium is far to the right under the experimental
conditions. The reversibility of Michael-type additions is
well known,8:2% and the elimination of arylsulfinic acids
from aryl ethyl sulfones under strongly basic conditions
has been clearly established.?4+-28 For example, benzene-
sulfinate ions are produced from 3-phenylsulfonylpro-
pionic acid in water in the pH 11-13 range.2? However, at
lower pH’s the reactants in eq 1 give an almost quantita-
tive yield of the sulfone addition product.®.18,29 Arrhenius
equation plots of temperature effects on the rate constants
(for benzenesulfinate and p-toluenesulfinate addition to
acrylamide) showed that the reactions had an activation

2723

T Idll

111

i

~N
o
T

TTTTTTT]
Lorrund

1

(=]
N
T

TTT]

T
T
1

2000

800
Py 600

cl
1000 1A NHz CH3CONH
400 -

Lrgd

I NO &A™ |
L ! L ! L ! ;
-06  -04 -02 0 cz 04 06 0.8
P

Figure 2. Hammett equation correlations for para-substituted
benzenesulfinate ion reactions in pH 7 aqueous acrylamide so-
lutions: (a) ratio of rate constants, (®) ionic dark addition reac-
tion in 5 M monomer, () dye-triplet redox reaction in 1 M mo-
nomer; (b) (A) quantum yield of monomer polymerized in 1 M
monomer, using 4 X 1073 M sulfinate and 8 X 108 M dye.

energy of about 17 kcal/mol and a frequency factor with
log A = 7.3. This low-frequency factor may be related to
the ambident nucleophilicity® of the benzenesulfinate ion,
but the frequency factors of other Michael-type addition
reactions vary over a wide range and both higher and
lower A values have been reported.?-30-33

Effect of Para Substituents. The rates of ionic addition
of para-substituted benzenesulfinate ions to acrylamide
increased with the electron-releasing character of the sub-
stituent. Figure 2a shows a Hammett equation plot of the
rate constant ratios (solid points) at 25°. This gives a p
value of —1.23 when the amino substituent is included, as
shown by the solid line. This is very close to the p value of
~1.15 found by Ogata, et al.,7 for similar reactions with
aqueous acrylonitrile at 50°, and it falls in the general
range of p values reported for other reactions of para-sub-
stituted benzenesulfinate ions.?-11

We previously used plots of quenching-corrected quan-
tum yields of Methylene Blue bleaching in acrylamide to
determine the relative rate constants for eq 2, which is the
reaction of the dye-triplet state with para-substituted
benzenesulfinate ions.* These calculated triplet redox rate
constant ratios (kx*/ky*) are shown by the open squares
in Figure 2a. We did not previously study the p-NHg sub-
stituent. If the p-NH, data point is excluded from our
present studies, then the broken line in Figure 2a shows
the least-squares plot for the ionic dark addition reaction
(eq 1) by the other six substituents {solid points). The
dye-triplet state redox reaction (eq 2) substituents {open
squares) also fit the broken line correlation in Figure 2a,
with a p value of —1.44. Thus, while the photopolymeriza-
ble solutions are made more thermally stable by using
benzenesulfinate ions with electron-withdrawing para sub-
stituents, these groups cause a corresponding decrease in
the rate constants for the generation of free radicals from
the dye-triplet redox reaction.

The photopolymer yields from monomer solutions at a
particular light intensity and sulfinate concentration
(Table III) also varied with the para substituents, but not
as sharply as the rate constants in reactions 1 and 2. Ex-
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cluding the p-NH; substituent, the slope of a Hammett
equation plot had a p value of ~0.88 as shown in Figure
2b for the guantum vields of acrylamide polymerization.
Many factors affect these quantum yields, including sulfi-
nate ion quenching of the photoexcited dye, and the rela-
tive rates of free-radical initiation and termination.
Quenching of the excited dye decreased the free-radical
yield from all of the substituted sulfinates as compared to
benzenesulfinate.? Also, the polymerization quantum
yield is inversely proportional tc the square root of the
light intensity when benzenesulfinate is used with Methy-
lene Blue. This is typical of photopolymerizations in
which the propagation reaction is proportional to the radi-
cal concentration while the termination reaction is pro-
portional to the square of the radical concentration. Simi-
larly, the electron-withdrawing para-substituted benzene-
sulfinates give a lower concentration of free-radical initi-
ators so that the photopolymer quantum vield is de-
creased, but not as much as the relative rate of free-radi-
cal formation. If this was the only factor involved, then
the photopolymer quantum yields would be proportional
to the square root of the initiator concentration,3¢ so that
(®x/Pu) would equal (kx*/ky*)1/2 and the Hammett
equation constant for polymerization would be p =
~1.44/2 = —0.72. This is not far from the observed value
of —0.88 shown in Figure 2b.

In the para-substituted series, the unsubstituted
benzenesulfinate is the most useful dye-sensitized initia-
tor for acrylamide polymerization. At high concentrations
it causes less quenching of the dye and provides the high-
est polymer yield.* It has an intermediate rate of thermal
deactivation (ionic addition) with the monomer. Electron-
donating groups cause a faster dark reaction and due to
quenching effects do not give higher photopolymer yields,
while electron-withdrawing groups slow down both the
dark reaction and the photopolymerization.

Effect of Ortho Substituents. We expected ortho-substi-
tuted benzenesulfinate ions to undergo sulfone formation
more slowly!® than the corresponding para compounds
due to steric hindrance. This was indeed the case for all
the orthe derivatives we studied. The dark reactions of
the o-nitro-, o-methyl-, and o-aminchenzenesulfinates
were between one-tenth and one-third as fast as their para
isomers. As shown in Table V,-the dye-sensitized photopo-
lymerization and bleaching reactions were much less af-
fected by the use of ortho in place of para substituents,
We found less excited state dye quenching by the o-
amino- than the p-aminobenzenesulfinate, and this is
partly responsible for the improved polymer yield from
this ortho derivative. The o-toluenesulfinate gave as high
a polymer yield (&y = 1740) as was obtained with p-tolu-
enesulfinate and benzenesulfinate, and its rate constant
for ionic addition (1.6 X 10~5 M~ sec) was slower than
either of these other two sulfinates. The additional steric
hindrance in sodium 2,4,6-trimethylbenzenesulfinate fur-
ther decreased the rate of ionic addition (k = 3 X 10~7
M -1 gsec), but also decreased the photopolymer vield (P
= 1100).

Both electronic and steric effects control the reactivity
of ortho-substituted benzenesulfinates. Compared to the
same para group, the steric hindrance of an ortho group
slows down appreciably the rate of ionic addition to the
monomer. There is a much smaller steric effect on the
dye-sensitized formation of free radicals (eq 2) and subse-
quent polymerization. The net result of electron-releasing
and steric hindrance effects in the o-toluenesulfinate ion
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TABLE V: Effect of Ortho and Para Substituents on
Benzenesulfinate lon Reaction Rates with Acrylamide

Phatapalymerization®

Thermal e
addition® Dye Polymeri-
sulfone bleaching zation
formation - -
o ((PB)O/ ((bM)o/
X~CgH480,~ ko/kp (®B)p (Pm)p
X = NH, 0.32 1.1 1.1
CH4 0.23 0.88 1.0
NG, 0.10 0.20 0.31

% Rate constants in 5 M acrylamide. ? Polymerizations in 1 M acryl-
amide.

is that a high photopolymerization efficiency is obtained
while the rate of thermal deactivation (ionic addition) is
decreased as compared to the benzenesulfinate or p-tolu-
enesulfinate ions. Thus, o-toluenesulfinate is the most ef-
fective of these structures for dye-sensitized polymeriza-
tion.

Effect of Monomer Structure. The results summarized
in Table IV show that differences in monomer structure
caused the jonic addition reaction rates to vary by five or-
ders of magnitude, while the polymerization quantum
yield changed by only one order of magnitude. In the
acrylic series CHa=CH-Y, the rate constant of the ionic
addition reaction varied with Y in the following order:
COGH > COOEt > CN > CO0O~ > CONH,. Although
electron-withdrawing substituents on the olefin generally
tend to accelerate the rate of Michael-type addition reac-
tions, it is difficult to separate inductive, resonance, and
steric effects. The effect of the acrylic Y substituents on
the relative rates of other Michael-type addition reactions
do not always fall in the same order. Our results are in
good agreement with the results of Friedman, et al.,35.3¢
who found that the rate constants for Y groups were in the
order COOMe > CN > CONH; for the addition of glycine
and for the addition of mercaptopropionic acid to the
acrylic structures. However, studies on the addition of al-
cohols®7.3% have shown a different sequence of relative
rates where CN > COOMe > CONH,. The resonance in-
teraction in the transition state is probably affected by
the reactant being added to the double bond. The hydrox-
vl groups in 2-hydroxyethyl acrylate, hydroxymethyldiace-
toneacrylamide, and N-methylolacrylamide increased the
relative rate of sulfinate addition. This may be due to in-
tramolecular hydrogen bonding between hydroxyl groups
and the carbonyl group, which would favor the formation
of the anion intermediate as illustrated in eq 3.

H
0
4
R8O, ~ + CH,=CH—C CH, —>
O —CH,
H
/\
/00
=/
RSO,~—CH,—CH—C CH, (3)
0-~CH,

The ionic addition to methacrylic structures was several
orders of magnitude slower than to the corresponding
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acrylic monomers. The «-methyl acrylic substituent
makes the § carbon relatively more negative and thus de-
creases the rate of nucleophilic attack by the sulfinate
jon. a-Methyl substituents generally retard Michael-type
addition reactions,3¢-38 and while both electronic and ste-
ric effects are involved, Friedman and Wall®¢ concluded
that the effect is primarily electronic.

The ionic addition rate to diacetoneacrylamide ap-
peared to be unusually slow as compared to acrylamide.
However, molecular models indicate that its tert-butyl
type of substituent has a steric effect that may reduce the
coplanarity of the acrylic carbonyl with the double bond
or that may hinder the approach of the sulfinate ion to
the 8 carbon when these groups are coplanar. This would
decrease the carbonyl resonance interaction and could be
responsible for the slower rate of sulfinate ion addition.
Similar effects have been reported3® for the addition of al-
cohols to N-alkylacrylamides, where the reaction with N-
tert-butylacrylamide was too slow to be determined.

Q c[H (lf
|
CH2==CH——C——-NH-—-(IJ—CH2—C—CH3

CH;

In the photopolymerizations, the initial free radical
vield from the dye-triplet reaction with p-toluenesulfinate
should be approximately the same for all the runs at pH
7. The differences in the quantum yield of bleaching
(Table IV) were small, so that main differences in the
polymer yields are due to the efficiency of radical capture,
propagation, and termination. The photopolymer yields
did not vary with monomer structure at all like the rates
of the ionic dark reaction. For example, the ratio of the
photopolymer quantum yield divided by the dark reaction
rate constant is 2.4 X 10% for acrylic acid, 1.5 X 108 for
acrylamide, 3.6 X 108 for N-methylolacrylamide, 2.5 X
10° for diacetoneacrylamide, and 1.6 X 10*° for methac-
rylamide. These last three monomers are of interest for
photopolymerization imaging. The methacrylamide dark
reaction is 400 times slower than acrylamide, while its
photopolymer yield is only four times lower. Methacryl-
amide has a slower free-radical propagation rate and a fast-
er termination rate than acrylamide,?® which accounts for
the lower photopolymer yield. N-Methylolacrylamide gave
four times better photopolymer yield than acrylamide,
while its dark reaction rate constant was only twice as
fast. It gives a gel-type polymer and it is of interest as a
monomer component to increase the sensitivity of photo-
polymerization imaging systems. The p-toluenesulfinate
ionic addition rate to diacetoneacrylamide is ten times
slower than to acrylamide, and it gave a higher photopoly-
mer yield. This is a very favorable combination of mono-
mer properties, although poly(diacetoneacrylamide) is in-
soluble and gives a light scattering image which is suit-
able for direct readout but not for holography. We found
that added steric retardation of the ionic addition dark
reaction with diacetoneacrylamide was obtained with o-
toluenesulfinate ions, without any significant decrease in
the photopolymer yields; pH 7 buffered samples of this
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monomer and the sulfinate remained highly photosensi-
tive for a month at room temperature.
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