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ABSTRACT

The mechanism of formation of some heptamethine pyrylium and thio-
pyrylium cyanine dyes has been studied using the TLC-double scanning
method. The dyes are formed through a consecutive reaction route, with
different rate constants at a given temperature. The function of added
catalyst (sodium acetate) is also studied. The mechanism of the reaction
is described on the basis of the kinetic study.

1 INTRODUCTION

Polymethine cyanine dyes are important dyes for use in photography and
dye-lasers. Their structures are closely related to cationic dyes used as
textile dyes. But so far as the mechanism of the polymethine dye forma-
tion is concerned, current knowledge is largely derived from general
electronic theory.! In this paper, kinetic studies of the formation of
pyrylium and thiopyrylium polymethine cyanine dyes were carried out
using the TLC-double scanning method in order to illustrate details of
the reaction pathway.

The general practice in a kinetic study of a reaction is to determine the
concentration changes of the reactants or of the products at a specific
temperature. In this present case, the reactions were carried out in solu-
tion and, therefore, the concentration changes are related to changes in
the weights of the reactants or of the products respectively. Since the
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TLC-double scanning method was used, the spots of reactants, inter-
mediates and products at various times of reaction were separated and
the peak areas of the spots measured, and hence correlated with weights.
A number of standard curves relating peak areas and weights of spots
were thus obtained. From these standard curves, the concentration
changes during the reaction of either the reactants or the products may
be determined from the corresponding changes in weights.? The forma-
tion of a polymethine cyanine dye may be represented by the following
example:

Cl

. + (CHy), N=CH‘©2CH—N(CH3)2

ClO; ClO;
Cl
i pan L LG)
Clo; O

In general, the formation of symmetrical polymethine cyanine dyes may
be expressed as follows:

(CH,C0),0,
—————
NaAc

2A+B—D (1)

This is a termolecular reaction, usually taking place by two consec-
utive bimolecular reactions following one another, i.e.

A+B—C 2
A+C—>D 3)
where C denotes the intermediate formed from A and B. Once C is
formed, C reacts further with another molecule of A to yield the final

product D.
For reaction (2), where the concentrations of A and B are equal, then

Ca+ Gy
and the kinetic equation of reaction (2) is:
I/CA - I/CAO = kzt

where C, is the concentration of A at time ¢, C,y is the initial concentra-
tion of A and k, is the rate constant of reaction (2).
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The kinetic equation of reaction (3) and k; may be obtained similarly.
When C,, Cay, Cc and C, are experimentally determined, the rate
constants k, and &, may then be calculated.

2 KINETIC STUDY OF THE FORMATION OF THE
PYRYLIUM HEPTAMETHINE DYE D,

The pyrylium heptamethine dye (D,) is prepared according to eqn (4):

@ CH; CeHy
5 =
@ \s CH, + @—‘NH-CH{S—CH—NH@

s, ClO; Cl0;
Cgs /CsHs
N

\é H=CH

4

The overall reaction may be considered to comprise two consecutive
reactions, i.e. (5) and (6):

(LS cn, @»HN_CH{EFCMH_@

S, ClO; Clo;

@ cw
- @ \5 H%@H—NH@ )

Clog
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2.1 Standard curve determination

The first step in the determination of the kinetic rates of the above
reactions was to prepare and to purify the reactants (S,), (M,), the inter-
mediate (M,) and the final product (D,) by repeated crystallization and
finally by column chromatography. Accurately weighed S;, M;, M,, D,
(10 mg) were used to obtain a series of standard solutions of concen-
trations 0-01, 0-02, 0-03, 0-04, . . ., 0-08 A, mg/ml. The samples were
applied to chromatographic plates, developed and double-scanned, using
a CS-930 instrument (Japan). The peak areas A, A,;, A; . . ., A; were
obtained and by plotting A, against dosage weights W, (Table 1) standard
curves of S;, M,, M, and D, were obtained.

The standard curves of S; and M,, and of M, and D, are shown in
Figs 1-3 respectively.

TABLE 1
Dosage Weights and the Peak Area Relationship of §;, M;, M, and D,
W, 0 1 2 3 4 5 6 7 8
(X10 pg)
Ay 0 30625 63215 89975 1443.63 1752:23 212252 245141 280415
Ay 0 133372 261383 4011446 553172 721628 800332 980756 10596-47
Amo 0 421-23 82212 1301-52 168514 2001-23 2451-78 284189 322391
Ap 0 101234 189893 313561 430955 527458 667102 7219-53 867045
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The regression equations are:

Ag = —27-396 + 3591-573W,  r = 09996
Ay = 53720 + 3980-295W, r = 0-9994
Ay = 7-078 + 13627-118W,  r = 09976
Ap; = —85:552 + 3637-918W,  r = 0-9983

2.2 Kinetic determination

2.2.1 Preliminary study
A sample (0-2400 g) of M, (0-5 X 10~* mol) was added to 5 ml of acetic
anhydride and 0-0125 g anhydrous sodium acetate and the mixture
heated to 135°C. It was then added at 135°C to 0-326 g S, (1-0 X 107
mol) in 5ml of acetic anhydride, maintaining a temperature of 135°C
throughout. Aliquot portions (0-01 ml) were taken every minute, and added
to 5 ml cold acetic anhydride to stop the reaction. A sample, 0-01 ml of
solution, was applied to a chromatographic plate (silica Gel G + 0-2%
CMC), which was dried, developed and the peak areas of the spots
measured (CS-930). From the respective standard curves, the weight
changes, or concentration changes of S,, M,, M, and D, were obtained.
On plotting the changes in concentrations against time of reaction in
minutes, the curves shown in Fig. 4 were obtained.

From Fig. 4, it can be seen that the formation of D, is a complicated
reaction; the concentration of the intermediate M, gradually increases

10
& Concentration of S,

O Concentration of M,
x Concentration of M,
® Concentration of D‘

-]

Cx102M
17.] [~ -t (-]

- N W

Fig. 4. Changes of concentration of S,, M;, M, and D, against time of reaction ¢.
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initially, and then decreases as the reaction proceeds. This suggests that
the overall reaction consists of two consecutive steps.

2.2.2 Preparation of hemicyanine M,
In order to confirm this hypothesis, M, was prepared and a kinetic study
of the reaction (eqn (5)) carried out.

Clo; M, )

A portion (0:326 g) of S, (0-001 mol) and 0-47 g (0-001 mol) of M,
were added to 10 ml acetic anhydride and the mixture heated to 125°C
and maintained at this temperature for 10 min. After cooling and
filtering, the precipitation obtained was recrystallized from acetic anhy-
dride, giving pure M2 with mp 198-199°C (calculated: C 69-51%,

TY A NONL0/ A £00/ TTY A .70/ \TA
H 4-95%, N 4-06%; found: C 69-69%, H 4-66%, N 4-11%).

2.2.3 Study of kinetics of reactions (5) and (6)
A sample (0-2400 g) (0-0005 mol) of M, in 5 ml acetic anhydride was
heated to 125°C, and maintained at this temperature for 30 min before
adding to 0-1815 g (0-0005 mol) S; in 5 ml acetic anhydride at 125°C,
Samples (0-01 ml) were taken every 2 min, applied to a chromatographic
plate, and the peak areas after development were measured by using the
S-930 double scanner.

From the standard curves of S;,, M, and M,, the related peak areas
and dosage weights of S;, M, and M, were obtained (Table 2).

If the reaction is second-order bimolecular, the following equations

should be obeyed.
I/CMI - liJCMw = kst and kS - (CMIO - CM)/t

and on plotting 1/Cy,, against time ¢, a straight line should be obtained.
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TABLE 2
Peak Areas of Spots for S;, M, and M, and Dosage Weights

Time 0 2 4 6 8 10 12 16

(min)
Ag; 1260-84 93125 21479 57728 49563 39267  321-17 26296
Wsi(pe) 03701 02795 02200 01822 01597 01314 01118 00958
Coi{X 1072 M) 5-10 3-85 3-03 2-51 2:20 1-81 1-54 1-32
Ay 6548-10 521400 4141-55 353923 312088 264938 223103 196939
Wai{pg) 04800 03821 0-3434 02592 02285 01939 01632 01440
CM,(XIO‘Z M) 5-00 3.98 316 270 2:38 202 1-70 i-50
AM, 0 609-37  1038-45 1208-80 144006 163231 180863 191849
Wi 118) 0 01396 02474 02402 03483 03966 04409 04685
Cua(X1072M) O 101 179 221 252 287 319 339

Figure 5 confirms this and therefore reaction 5 is shown to be a second
order bimolecular reaction; the rate constant of the reaction at 125°C is
2:88M~' min™!.

The kinetics of reaction 6 were similarly studied. Solutions of 0-3257 g
(0-0005 M) M, in 5 ml acetic anhydride and of 0-1815 g (0-0005 M) S, in
5 ml acetic anhydride were heated to 135°C for 30 min. The two solu-
tions were then mixed, the temperature being maintained at 135°C, with
stirring. At 3 min intervals, 0-01 ml samples were added to cold 5 ml acetic
anhydride to stop the reaction. Following the usual chromatography and
scanning, the peak areas of spots S,, M, and D,, and hence the corre-
sponding weights, were determined (Table 3).
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Fig. 5. Plot of 1/Cy, against time 7.
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cth Cub,
N

F =
O -\ —CH=CH @ N O
Clo; M, clo; s,

@ CH3 C6H5
r
— @ \g H—CH—!/:[:CH_CH
ClOg

For a second-order bimolecular reaction:

l/CMZ - l/CM20 = k6t and k6 = (CM20 - CMZ)/t

(6)

On plotting 1/Cy, against time ¢, a straight line 1/Cy, — 19-37 = 0-42¢
(r = 0-:979) was obtained (Fig. 6). From the slope of the plot, the rate
constant of the reaction at 135°C, without addition of catalyst, was
0-42 M! min™!; the rate constant of reaction (5) is thus greater than that
of reaction (6).

2.2.4 Kinetics of reactions (5) and (6) in the presence of catalyst
The kinetics of reactions (5) and (6) were similarly studied in the pres-

TABLE 3
Change of Peak Areas of D, and Corresponding Weights of Spot S,, M, and D, During
the Reaction

Time 0 3 6 9 12 15 18 21 24

(min)
Ag) 1240-47 1150-60 1079-31 101856 968-36 918-15 82649 80465 78864
Wsi(8) 03645 03398 0-3202 03035 02879 02759 02606 0-2447 0-2403
Cs1(X 102m) 502 468 441 4-18 3-99 3.80 359 3:37 331
Az 280408 2655-64 2501-60 2363-89 226517 2154-92 203392 1929-14 198103
Waa(1g) 0-6910 0-6573 0-6150 0-5804 0-5556 0-5279 0-4925 04713 04616
CpAX1072M) 500 473 4-45 420 402 3-82 3-60 341 3-34
Ap, 0 13708 307-67 44846 55440 67559 81262 95376 —
Wpi(ug) 0 0-0258 00933 01325 0-1620 0-1963 02339 02732 —

Cpi(X1072m) 0 0-28 0-57 0-81 0-99 1-20 1-43 1-67 —
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Fig. 6. A plot of 1/Cy, against time 1.

ence of sodium acetate; two linear plots were obtained, giving, from their
slopes, ki, the rate constant of reaction (5) at 75°C in the presence of
sodium acetate, as 4-33 M~! min!, and K, the rate constant of reaction
(6) at 85°C in the presence of sodium acetate, as 1-99 M~ min.

2.3 Kinetic study of the formation of the pyrylium heptamethine dye D,

The pyrylium heptamethine dye D, is prepared according to the follow-
ing equation.’

This reaction may also be assumed to be a consecutive reaction com-
prising two bimolecular reactions, (7) and (8):
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@NH——CH*CH—CH—CH—CH—NH@

La0, @‘— H—CH——CH—CH—CH—NH—@

ClO, )

Samples of S,, M;, M, and D, were prepared and purified. For M,
m.p. 202-203°C (calculated: C 69:53%, H 4-98%, N 2-46%; found: C
69-34%, H 5-46%, N 2-08%). Standard curves of S,, M;, M, and D, were
obtained in the usual way.

Solutions of 0-1865 g (0-0005 M) of S, in 5 ml acetic anhydride and of
0-1423 g (0-0005 M) of M; in 5 ml acetic anhydride were heated to 125°C

Q. CH—CH——CH——CH—CH—NH@

Clo,

Ac,ONaA¢
—_—
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TABLE 4
Change of Peak Areas, Concentrations of M, During the Reaction
Time 0 2 4 6 8 10 12 14
(min)
Ama 0 209990 311102 363297 413308 450273 4687-55 489240
Wama(pg) 0 0203 0296 0344 0390 0424 0441 0450
Cr4(X107 M) 0 178 2:60 302 342 372 387 3.95

and M; then added to S,, maintaining a temperature of 125°C. Samples
(0-01 ml) were taken every 2 min and added to cold acetic anhydride to
stop the reaction. Following the usual procedure as described above, the
data in Table 4 were obtained.

Since Cy3 = Cyzp — Cwss the change of Cyy, during the reaction can be
obtained, and on plotting 1/Cy,, against time ¢ in minutes at 125°C, a
straight line resulted (1/Cy; — 19-88 = 5:50¢; r = 0-993).

The rate constant of reaction (7) at 125°C is thus 5-50 M~ min™!. The
reaction (8) between S, and M, in the presence of sodium acetate was
carried out at 120°C (see also Table 5).

Plotting 1/Cy, against time ¢ in minutes at 120°C gave a straight line,
from the slope of which the rate constant ki of reaction (8) in the
presence of sodium acetate at 120°C was found to be 1497 M! min™'.

2.4 Kinetic study of the formation of the thiopyrylium heptamethine
dye D,

The thiopyrylium heptamethine dye D; is prepared using the following
reaction’. This reaction may also be assumed to involve the two bimolecular
reactions (9) and (10).

Reactant M was prepared by reaction of equimolar amounts of S,
and M; in acetic anhydride at 125°C. After 10 min the reaction solution

TABLE §
Change of Peak Areas of M, in Reaction (8)
Time 0 05 1 15 2 25 3 35 40
(min)
Ama 6209-63 4426-56 3469-98 283922 243694 2002-05 1741-11 158890 1404-08
Wama(pg) 0581 0470 0329 0271 0234 0194 0170 0156 0139

(& (X104 M) 510 3-66 2:89 2:38 2:05 1:70 1-49 1.37 1.22
M4
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- ;
2 @ < [ ) +@~NH:CH—CH=CH—CH=CH—NH—@

S, ClO;

Cl~ M,

was cooled, and filtered and the resultant M; recrystallized from acetic
anhydride, m.p. 213-215°C (analysis: C, found 67-65%, calc. 67-60%; H,
found 4-78%, calc. 4-33%; N, found 2-39%, calc. 2:09%).

A sample (0-1945 g) (0-0005 M) of S; in 5 ml acetic anhydride and
0-1423 g (0-0005 M) M; in 5 ml acetic anhydride were both heated to
125°C, and the M, solution added to S;. Samples (0-01 ml) were taken
every 2 min and added to cold acetic anhydride (5 ml) to stop the reac-
tion. After applying (0-01 ml) onto TLC plates, drying and developing, a
chromatogram of three spots (S;, M; and Ms) was obtained; the peak
areas were measured by double-scanning (Table 6).

On plotting 1/Cy; against time ¢, a straight line was obtained
(1/Cyz — 1977 = 6-17¢; r = 0-993).

7 +
. l+ NH=CH—CH=CH—CH=CH-NH
NS cl-

S, ClOo; M,

aAh
La0y @ N | CH—CH=CH—CH=CH—NH@

Cl0; M;s o)
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+ @—NH—CH=CH—CH=CH——CH
Clo;

L0, @ | CH—CH=CH—CH

NaAc

The kj,; for reaction (9) at 125°C was found to be 6:17 M~ min™.

The kinetic study of the reaction in the presence of sodium acetate was
carried out similarly (Table 7) and a straight line obtained on plotting
1/Cys against time ¢ (1/Cys — 19-65 = 17-55¢, r = 0-987); the rate
constant kys of reaction (7) at 125°C with catalyst was thus 17-55 m™!

min~'.

TABLE 6
Changes of Peak Areas of M; in Reaction (9)

Time 0 2 4 6 8 10 12 14
(min)
Apms 0 2117-85 2979-51 3473-17 380526 4020-68 4254-04 437073
Wi s(eg) 0 0-226 0-322 0-377 0-414 0-438 0-464 0-477

Cp (X102 M)

[

1-93 275 322 3-53 374 3-96 4.07

TABLE 7
Changes of Peak Areas of M; in Reaction (10)

Time 0 0-5 1-0 I5 20 25 30 35 40
(min)
Aps 538497 3760-39 292566 2378-15 198322 1758 83 153444 135993 124722
W s(ug) 0-590  0-409 0-316 0255 0211 0-186 0161 0-141 0-129

Cms(X102M) 503 349 270 2:18 1-80 1-59 137 120 110
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TABLE 8

Rate Constants of the Consecutive Reactions
Reaction type Reaction Catalyst k Reaction

temp. (°C) (M min) time (min)
S\ +M, - M, 125 No 2-88 12
S, + M, —» D, 135 No 042 24
Si+M, - M, 75 Yes 4-33 7
S, +M, - D, 85 Yes 1-99 8
S, + My oM, 125 No 5-50 14
S, + M, > D, 120 Yes 1497 40
S+ M; - M 125 No 6:17 14
S, + M; - D, 120 Yes 17-55 4.0

3 RESULTS AND DISCUSSION

The rate constants of the reactions are summarized in Table 8. From
Table 8, the formation of heptamethine pyrylium and thiopyrylium
cyanine dyes, is shown to proceed through two steps, i.e. the initial
formation of a hemicyanine dye, and then the formation of a hepta-
methine pyrylium or thiopyrylium cyanine dye. The rate of formation of
the hemicyanine intermediate is greater than that of the pyrylium or
thiopyrylium dyes. There is therefore an accumulation of the intermediate
in the course of the reaction, and this is the reason why unsymmetrical
pyrylium or thiopyrylium cyanine dyes may be prepared.

The function of sodium acetate in the reaction is to accelerate the
formation of both the hemicyanine dye and the final dye; its effect is even
greater in the formation of the final dye. It is therefore reasonable to as-
sume the mechanism of the reaction is as follows:

9,
(O L&

Methylene base (I)
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CpH~CH=£H~CH=CH—NH~<::>

NH
I+11— @ Q. CH—CH=CH—CH=CH g‘ @

When the rates of formation of pyrylium and thiopyrylium dyes are com-
pared, it is evident that k, is greater than %, and that k,, is greater than
ks. This is due to the different basicities of S, and S,, the basicity of S;
being higher than that of S,.

4 CONCLUSIONS

The formation of some pyrylium or thiopyrylium dyes has been kineti-
cally studied by a TLC double-scanning method. The reaction consists of
consecutive parts, with initial formation of an intermediate, hemicyanine
dye. The standard curves of reactants, intermediates and product were
determined. Changes of concentrations of reactants, intermediates and
products could then be indirectly determined, and the rates of reaction
thus measured. The mechanism of the reaction can therefore be estab-
lished on the basis of this kinetic study.
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