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1i 1rradlatlon in ethanal, the tr:arylmethane leuconitriles generally undergo a heterolytic cleavage to form dye
: atmn.and cyamde ion; The absorption and emission spectra have been obtained for a series of these leuconitriles along with
the quarntam yields of the cleavage. Complete transfer of the excitation energy to the methylenc—msulated chromophore with
“the lowest’ 51ngh=,t energy leading to the photoionization (cleavage) with varymg degrees of efficiency was observed. Whether
“the'excited’ ‘mioleciile photoionizes, fluoresces, or decays to its ground state is dependent on the nature of the particular excit-
d-Smglet stafe. The efficiency of the photoionization is reduced either with chromophores which competitively undergo in-
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;'_ﬂuoresccnce, such as the naphthyl-substituted leuconitrile.

Thc use of Malachltc Green Leuconitrile 2a (MGLN) as

'an actinoimeter is well established.’2 Its use for this purpose
. depends upon a photoionization, which occurs with high

quantum efficiency in polar solution forming a highly col-
- ored dye “cation (2b). This photochemical reaction takes
" place throughout the entire spectral absorption range of the
""" compound,” independent of light intensity* and tempera-
"~ tare.” For these reasons, this leuconitrile provides a sensi-

- tive molecular system easily adapted for making actinome-

* {ric measurements, especially at low light intensities, Al-

" though numerous studies of the photochromism of the triar-

~ ylmethane leucontriles have been reported, a photochemical
mechanism for the photocoloration reaction has yet to be
-postulated. Toward this end, we have measured the spectra

" and' photoionization efficiencies for a series of substituted

triarylmethanes (1-14). The compounds selected have the
- same: skeletal structure; and thus lend themselves to the

‘study of structure-activity relationships. It was also antici-
“pated. that elucidation of the pertinent photochemistry

. might lead to compounds useful as actinometers into the
i v1sane region of the spectiim.

Thc quantum yield of photommzat}on (cpc) in ethanol for
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‘tersystem ‘crossing; such as the halogen-, carbonyl-, or nitro-substituted ieucommles or with those which exhibit increased

the leuconitrile derivatives of the triarylmethane dye cat-
ions can be measured using a solution of Malachite Green
Leuconitrile (2a) as the actinometric reference. The value
for the quantum efficiency of this photoionization has been
reported most recently at 0.91,2 compared with the earlier
reported value at 1.00.} Since this difference is due to an
error in the value used earlier for the extinction coefficient
of the dye form, the use of‘the more recent value of 0.91 in
our work did not affect our results.

Results

Preparation of the Triarylmethane Dyes and Leuconi-
trites. The substituted Malachite Green dyes were prepared
either by the addition of the appropriate aryllithium? or so-
dium® salt to Michler’s ketone, or by the condensation of
the appropriately substituted benzaldehyde with N, N-di-
methylaniline to give the dye leucobase, which was then ox-
idized with excess chloranil to give the desired dye.® For
most of the compounds studied, the carbinol produced by
either route was then recrystallized until the melting point,
and the extinction coefficient of the dye form in the visibie
spectrum remained unchanged. The conversion of the dye
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Us-Visible Absorption in 95% Ethanol

. Triarylmethane T '_ Leucomtzﬂe (e *® 10“) - .. Dyecation {c X 10

" Doebner’s Violet . ) L 251(2.54),292°(0.355) . . 564 (10.2), 400 (2.35)2;
Malachite Green : @ 272(406), 307(0.538) v T U 622 (10.63), 428 (2.08)P

Crystal Violet (3 272(6.12);305(0.835) 1 589 (11.3),9 590 (11.)¢

p-Phenoxy-MG - : L 4) 272 (4.73),304 (0.628) = - o 616 (10.3), 455 (3.08)

p-Methoxy-MG - . s 8y 270(3.88);303.(0.514) T 610.5 (9.89), 464 (29004
m-Trifluoromethyl-MG - ()} 272 (3.67),308 (0.585) .+ ST 634 (9.66),423.8 (1.5

p-Trifluoromethyl-MG N 271 (3.73),308/(0.656). .~ - . 636 (9.93), 423 (1.6

p-Bromo-MG e ® 272 (3.44),308(0:505) - 628.5 (10.1), 433 (2.15)
_ _ SRR . R IR AT TR AR 628.5 (10.2), 433 (2.28)¢

o-Chloro-MG L ® 272 (3:80), 307-(0.543)- i ¢ © 640 (12.6), 410 (1.8

p-MethylMG - - S 272 (3.64), 304 (0509) T ©. 618 (10.6), 438 (2.74)

m-Methoxy-MG .~ . (1) . 272(4.28),299(0.611) . ' - 637 (9.89), 434 (1.47)
BasicBue 7 = - . @2) - 267 (s, 4.49), 275.(4.64)324 1.38) .- 586 (14. 7)d :
I SRR L 259 (1.92), 341 (1.08) _
CpAcetyBMG - . @3) - . 273(3.93), 308 (0.847). . 629 (9:31), 432 (2 16
pNitoMG. . : (14} L 271.5 (4.97), 309.(0. 731) 646 (7. 88),428 (1 1)a
: : : 351(0.159) . i .

. 2 By acidification of the Ieucocarhmol b From ref 2. € From A. MacLachlan; J Phys Chem 715 718 (1967) I.. Michaelis and S Gramc
- L Am. Chem Soc. 67,1212 (1945) d By irradiation of leuconitrile. € By chloraml ox;datmn :
' 710- - 5;5 -4.2f i o
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< chite Green dyes from this work (+) dnd’ froim other work? (O} The

- substitution: as mmbered- in the ‘figure /are: (1), P N(CH})z,_ @)
-p-PhO=, (3) p-CH30; (4) p-CHi; (5):m-CH3;: {6) p-Ph; (7). H; (3)_
-m-Phs (9) m-CH1O: (10) p-Bry (I1). r-CO2CHs; (12). mi-CFys (13):
- p-CO;CH3;. (14): p-CH3CO; (15). p-CFy: (16) mi:CN;

SO:CHy; (18) P-CN; (19) - NOx (20) p- -S0,CH;; (21) r NO::

1eucocarbmois to their leucomtriies was: carrled out:in

. methyl sulfoxide containing excess potassium cyanide.?, "/

- Spectral Characterization ‘of the -Triarylm_ethane-‘[)yés.'
Since the dye form of the compounds could be purified only -
with extreme difficulty, it was necessary to use.one of three'
alternative methods to obtain accurate valies for the extinge .-
 tion coefficients of the carbocations. The most. straightfor-
: _"ward technique involved the conversi n of the dye Ieucocar--._'- 3

: nd the 0-Ct dye Rhodulme Blue (9)}
useithe 1rradlat1on techmque of Flsh




he ultraviolet spectra of the leuconitriles of (- - -) m-CF3

=2y'p-CF3 Malachite Green; and {—) Crystal Violet.
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he ultrawolct spectra ‘of the leucomtnlcs of (—) p-Br and
).6-Cl Malach:te Green.

X .T & ultrawolet spectrum of the leucomtnles of (--— - —) p- -

) ‘p-PhO; and (-) m-CH;O Malachite Grcen.

mmonaphthyl in 12a, acetylphenyl in 13a, and mtro- - '_
nyI _n 14a) and- exhibit absqrption bands attributahble to -

wavelength absorptions attributable to the arylam- '

htomophore (Figure 6).
imilarly; the emission spectra of the leuconitrile- com-
ounds both at room temperature and at 77 K are charac-'

stic of that insulated aromatic ring system in each mole- e

having the lowest smgiet and triplet excited state ener-

=hlS can be seen in Figures 7-13 and in: Table II in: o

RELATIVE INTENSITY (ARBITRARY . SCALE}

8

EMISSION ABSORPTION

‘MOLA:R EXTINCTION COEFFICIENT (e);}wf'. B

o. N L 1 . - :
16000, - 20000. 24000. 28000, - 32000.-- - 36000.° - 40000.
 WAVENUMBER (CH1)

Flgure T Absorptmn and emission spectra of the leucomtrilc ef Doeb-
ner’s Violet (1a) in ethanol. B .

EMISSION - -

RELATIVE INTENSITY [ARBITRARY SCALE)

Flgure 8. Absorptmn and emzsm
th no




k=a]
~]
=]
[ow]

- 100, ds w
g o 3
£ s b 1 ©
2 =
,: i
& Lo
2 s b a0 f .
B (o]
= v
E .
2 =
g awt w0 g
F4 EMISSION ABSORPTION g
S 1 B
£ np 410 o
: 3
2
o_ L] i L L 1 i E 1 .
20000.  24000. 28000, 32000, 36000, . 40000.

16000,

Figure 9. Absorption and emission sbectra of the leuconitrile of m-me--

WAVENUMBER (CaH1)

thoxy Malachite Green (E1a) in ethanol.
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Malachite Green (7a) in ethanol, .
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the values four_ld' for 'the' rr__lodcl co.mp'dunds,_'exoept in the -

case of the leuconitrile of Basic Blue 7 (12a). The fact that

¢ was considerably réeduced in most casés indicated the ex-

istence of other routes for the dissipation’ of the absorbed
energy, especiaily the photoionization reactien. -

- At room temperature, the photochemical effect of ultra-
violet light on the triarylmethane iéuconitriles caused de-
creases in the intensity ‘of fluorescence and, in' some cases,

_caused an énhdnced emission at longer wavelengths. The

latter emission may reasonably be attributed to-a photo-

chemical product, most likely the dye cation which converts
back to leuconitrile at 4 very slow rate!®'* without an ex-
cess of cyanide ion present. When a small-amount of potas-
sium cyanide was present in the solutions used for emission
studies, the intensity of the spectra did not ‘significantly
change during the time interval of a measurement, and re-
producible results could be obtained. : :
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Figure 12, Absorpt:on and emission spectra of the leucomtn[e of p-ace-

tyl Malachite Green (132) in ethanol.
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-Flgure 13. Absorpt;on and emission spectra of the leucomtnle of Basic

Blue 7(12a) in ethanal. Emission at RT (---) and at 77 K {—); ab- -
sorption in neutral {—) and in ac1d1f' ed (- -.-) solutmn )

The emission spectra at 77K i in deoxygenated solutlons
demonstrate that the phosphorescence emission is due to the
chromophore with the lowest triplet excited state energy.
Data on the measured phosphorescence spectra, such as.
spectral distribution, observed phosphorescence decay time
(7p); and intersystem crossing ratio (the intensity of phos-
phorescence relative to the intensity of fluorescenoe x) are
collected in Table II. .

For those compounds which do not have a strong auxo-
chrome on the third ring, the phosphorescence emission is
characteristic of the x, =* triplét state of the aminophenyl
‘moiety; this can be seen by comparing (Table II) data re-
ported for the anilines and the Malachite Green deriva-
tives?” and the results found here for the model compounds
(i.e., the methylene dianilines and the }cucobase) T
“In all these compounds, as can be seen in Figures 7- 11
74 kcal) and. thc
observed phosphorescence decaytime (7, = 2'sec) are char-
acteristic of the lowest triplet (*L,) of the toluidine moiety.
The more sensitive intersystem crossing ratio (x) also shows
excellent consistency for these compounds. The smali varia-
tions in  seen with compounds substituted by halogern-con--
taining groups appear to illustrate the molecular heavy

_-atom effect on eémission. Substitution on the: third- ring of
 the leuconitriles with a chlorine atom:or the tnﬂuoromethyi
-group doubles the observed :ratio, while the presence of a

bromine atom quadruples the ratio; w1th a‘concurrent de-

~ crease in 7p.

Those three compounds with a longer wavclength chro-.

‘mophore as the third aromatic group must again be consid-

ered scparateiy The leuconitrile of Basic Blue 7 (12a) hasa
large emission efficiency (ye = 0.62) but does not phospho- -
resce even at liquid nitrogen temperature (x = 0). The ob--
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Table I1 7
. . Fluorescence Phosphorescence
. Compd Solvent. T.K ke : Fe X hvy, Tp» S6C
Aniline o " EtOH RT 296, 338¢ 0.3-0.6¢
' Cyclohexane RT 3274, . . 088 3736 477
: EPA . 77 3409 o 373,b 387, 400
N, N-Dimethylanifine ~ FiOH _ " RT: 3449 3480 o 416 (max)d
o : ) Cycloheéxane . - RT. . 3332 0.11° _ .
N, N-Dimethyl-p-toluidine 3-Methylpentane 77 : e S 2.68
Nitrobenzene . EPA' - = 77 0f:h B 4730 0.20"
Anisole - EtOH .. "RT 2914 e :
_ LT Cyclohexane -~ .RT 28942782 - 0242 . . 354= 3.0¢
1-Methylnaphthalene Polar . = RT. .325,339.2317¢ 0.25.20.21€ 480¢
1-Naphthylaniine EtOH. . RT 4254 L - T
I R Cyclohiexane = RT- 375 0.46% ) o
- E o EPA - . T : 49750 526¢ 0 1.5¢
Malachite Gicen Leucocarbinol- 3-Methylpentane . 77 ) R - 2,038
s © MCH .~ - - . RT 332,342 : ) "
(W@m : - 77 348 : 0.38- 390,414,444 1.90
. o N R MCH RT - 330 _ . Sl
(m—@cﬂ L Lo 77 . 346 0.57 395,406,440  2.02
. : N MCH RT = 346 T
'(‘CH3)=N—@CH2 - - 77338 4.9 388,394,408 . 229
\ : L . S 419,432, 446 AR
TP “MCH RT 344 o S S
(‘CHa)zN‘@CH S 77 332,340 5.7 370,388,402 235
=T S LRI 428,446 - -
DVLN " - (1)) MCHand EtOH = RT_ 334 0.058 and 0.011 SR
.. - - EtOH - RT None . : : R
. EtCH 77 338 4.2 388,392,427 1.45
MGLN (2) MCH RT 346 0.04-0.13 D -
_ : . 77 3395 "4.2 383,398,421,435 1.80
EtOH RT 346 0.038 402
P R . 77 340 - 5.6 382,404,426 - 179
Crystal Violet . {3} Benzene - RT 347 . : R
R o 77 344 o 3.7 430,455,490,532 . 0.15
pPROMGLN 4} EtOH RT 332,347,372 0.011 _ 439 o
_ B . : . 77 352 . 6.1 394,412,434,460 202
. p-CH,OMGLN, "(5) EtOH RT ~ 336 0.013 490 :
s _ 77 352 S 5.1 388,414,436 2.59
m-CF,MGLN -~ (6) EtOH RT - 342 0.006 o411 . :
_ ; SRR 77 358 1 392,412,422 - 1.90
p-CF,MGLN (7) EtOH- RT . 353 . 0.014 . 510 A
_ S _ B 77 350 _ S 12. 388,412,434,460 2.02
" pB:MGLN (8). EtOH RT . . 0.00 - o -
B . 77 352 _ 22 392,410, 438,452 1.63
o-CIMGEN “ {9y MCH - RT = 330 0,001 : . :
- EtOH" “RT 320 0.015 S 405 w
N L : 77 348 - : 11, 386,408,430,444 . 1.77
- p~CH,MGLN -(10) EtOH - RT 356 - 0.014 .. 500 Do
_ o _ 77 354 6.2 390,400,410, 438 2.18
m-CH,OMGLN © (1I) EtOH RT 356 0.014 . 485 _
77 344 5.6, 388,410,434  2.85
BB7LN (12) EtOH RT 427.5 0.64 : : O
T _ - 77 363,398 " None
EiOH +HT - RT 430 - 043 2 o
S S . ] 77 367,401 0 _None
p-CH,COMGLN - (13) EtOH RT . 331 0.01 - 414
: . 77 . None 400 0.121
- : 426 0,138
456 - S 0187
388,400,426
o . : . 456,484
p-NOMGILN - (14) - EtOH RT 0 TR
_ . o 77570 0.6 387,428,450, 457 0.258

@ Reference 27. » Reference 18. ¢ D, Phillips, J. Photochem
(1971). € Reference 28, F3. W, Budges and R. T. Williams, Nazu
J. Chem. Soc. C, 1467 (1968).

served emission (Figure 13) can therefore be attributed to
the fluorescence of n—x* excited singlet state of the 1-naph-
thylamine chromophore, which occurs at the same wave-

lengths.

At the other extreme, the p-acetyl-sibstituted Malachite

., 1,97 (1972--1973). 4 R.S. Davison and M. Santhanam, J. Chem. Soc. B, 1151
ve (London), 196, 59 (1962). & Reference 26. 1. A_ Baltrop and N. J. Bunce,

Green Leuconitrile 13a exhibits only phosphorescence (x >
10%). The emission here (Figure 12) is is characteristic of
the n,* triplet state, with an observed lifetime typical of
substituted acetophenones (7, =~ 0.15 sec)?® and vibrational
spacings (1550 cm™') expected in this type of triplet emis-

Herz | Photochemical Ionization of Triarylmethane Leuconitriles
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sion. However, for an n.x* state, the spectrum is relatively
unstructured and, in addition, the abserved phosphores-
cence decay time varies with the wavelength (Table ). De-

spite the fact that the phosphorescence decay curve for this -

compound is exponential (i.e., has one apparent decay com-
ponent), these variations, considered in light of the overlap
of the phosphorescence band from the two chromophores
(i.e., aniline with E; = 74.1 kcal), suggest a mixed phospho-
rescence with the minor component attributable to the 3L,
state of the substituted aniline N,N-dimethyl-p-toluidine.
The p-nitro-Malachite Green Leucenitrile 14a did not

emit at room temperature.. At 77 K, this compound pro- -

duced a weak phosphorescence emission similar to the
peaks due to the aminobenzene moiety of the other com-
pounds in its spectral distribution, but with a shorter ob-
served lifetime of 0.26 sec. In addition, 2 fluorescence peak
was observed with Ay, 570 nm. At the present time, the

source of these emissions has not been clearly demon- -

strated, and the conclusions (vide infra) concerning their
origins are drawn from analogy with the properties of nitro-
benzene and the leuconitriles of the other triarylmethanes.
Further work is contemplated in this area.

Quantum Yields of Photoionization, The quantum yields
of photoionization, or photocoloration, for the series of tri-
arylmethanes (¢c) has been measured in acrated 95% etha-
nol solutions using the Malachite Green Leuconitrile ac-
tionometer.2 The irradiations were carried out in a slight
excess of acid at low light intensities (10hs photons sec™!) to
give in all cases less than 5% conversion to the dye form b.
All but two of the photmomzmg compounds have absorp-
tion curves very similar in shape to that of the actinometric

solution which was used. With the majority of the com- ~

pounds, sclutions were prepared whose absorption curves
could be matched with that of the reference solution by the
use of appropriate concentrations. With the leuconitrile of
BB7 {12a), both the reference solution and the reactant so-
lution were made opaque by the use of high concentrations
of leuconitrile. In these cases, the amount of light absorbed
by these “matched” solutions was exactly measured by the
actinometric solution of Malachite Green Leucenitrile.

The Docbner’s Violet, however, has a spectrum shaped
differently than the reference. Its quantum yield was calcu-.
lated from the Malachite Green actinometer data by use of
a correction factor to compensate for the absorption by the
actinometer solution of 334.1-nm light which could not be
entirely removed by the filter system.

The results of the measurement of these quantum yields
of photoionization are shown in Table IH. It can be seen
that the change in substituent groups causes ¢ to vary be-

tween 1 and 0. Since no correlation with any of the con- .

stants related to the free energy relationships can be found,
this variation does not appear to be depcndent on any estab—
lished substituent effcct

Discussion

_ Although the photoionization of the leuconitriles to form

" the dye carbocation has been a much studied and much
used reaction,®13 no photochemical mechanism has yet
been proposed.’® It would appear. from our data that, for
this general class of compounds, the excited state which
leads to the formation of dye cation by photoionization in
959% ethanol solutions is the lowest lying singlet.

The absorption of light by any of the triarylmethane leu-
conitriles results, in effect, in the promotion of the molecule
to its lowest energy excited singlet staté. The excitation of
any insulated chromophore which has a higher energy ex-
cited singlet within a leuconitrile leads to a highly efficient
intramolecular singlet-singlet energy transfer which places
the excitation energy on the chromophore with the lowest

5
. "BB7LN (120

Table Il
Compd x et Photons sec™ (sec)

DVLN {1y 4.2 0.83 (0.04) 741x 10* (270)

MGLN - ) 4.7 0.91¢a

Crystal Violet 3 3.7 1.02b 2,58 x 10 (270)

p-PhO-MGLN 4y 6.1 0.95 (0.02) 3.74 X 10 Q270

p-CH,OMGLN 3 51 0.85(0.02) 6.81x 10 (270).

m-CF ,MGLN 6 11 0.68 (0.01) 3.74 x 10'* 270).
) pCFMGEN M 12 0.74 (0.02) . 6.51 x 10 (255)

p-BIMGLN 8 22 0.67 (0.02) 343 x 10V (360)

o-CIMGLN M 11 0.57 (0.02) 3.01 x 10*¢ (360) -

pCHMGILN  (10) 6.2 048(0.02) 6.81x 10' (270)
m-CHOMGLN (11) 5.6 0.37(001) 6.81 X 10’ (270)
0.21 (0.01) 3.01 X 10% (360)
<0.01 407 X 10'  (270)

p-CH,COMGLN (13}
<001 3.25 x 10%  (360)

pPNOMCGIN — (14)

& Actinometer as in ref 2. # One determination. ¢ Three or more
determinations. Standard deviation in parentheses.

energy singlet state.’® In most cases, this si'ng'let is the tolui- -

dine moiety;’ in other leuconitriles, the singlet is the naph-

thylamine, the nitrophenyl, or the acetophenone moiety.

The efficiency of the intramolecular internal conversion can

be seen in that in all cases the emission, both phosphores--

cence and fluorescence, is chdracteristic of the chromophore

which has the lowest energy excited state. None of the com-

pounds in this series contains two groups which might have
reversals in the lowest energy moicty between the excited

singlet and triplet levels to cause ambiguities, That is, all -
the compounds have one chromophore which has both thc :

lowest energy triplet and siriglet excited state. _
The p-nitro derivative of Malachite Green Leuconitrile

14a, like many common nitro aromatics, does not fluo-

resce.!” The spectra measured in ethanol at liquid nitrogen

temperature is attributed to the photochemical products of
-this compound. The emission spectra has two peaks. The

higher energy, longer lived peak is similar in shape, loca-

tion; and lifetime to the p-acetyl coinpound. The second,
* very short-lived, weak emission falls at about 570 nm. 1t is
_shown that the nitrophenyl group is very similar.in its pho-

tochemistry to the carbonyl compounds.'® Also, the triplet
excited state energy ‘of nitrébenzene has beeén found to be

60 kcal (478 nm),'” and the intersystem crossing efficiency

has been found by Testa?® to be greater than 0.6. Further,

Testa found that the excited n,n* triplet state undergoes a

very rapid (10 sec™!) and efficient radiationless decay.
Thus, the phosphorescence emitted by 14a would be expect-

ed to be short lived and very weak in intensity and would be
found at about 485 nm. Possibly this is the source of the

longer wavelength emission of this nitro compound. -

The possibility that the photoionization reaction ‘occurs
from the triplet excited state can be discounted for several
reasons. As has been:mentioned by previous workers,?? oxy-
gen is an excellent intermolecular quencher for triplet mole-
cules; yet the high guantum yields (yields approaching

unity) have been measured by us and other workers for a

number of these compounds in aerated solutions. In addi-
tion, the triarylmethane dyes that are produced as the pho-
toproduct are known to phosphoresce in the near-infrared

region of the spectrum (£, = 30-50 kcal)}.?? If the reactive.
“excited state is -2 triplet,- these dyes should also act-as

quenchers to cause a rcductlon n thc high quarltum yields
of coloration. .

In fact, an increase in the cfflcrency of triplet excited
state formation, as indicated by increasing intersystem
crossinig ratios (), causes a significant decrease in the effi-
ciency of the photoionization, as evidenced in the case of the
halogenated leuconitriles. In the extreme case, with leuconi-
triles which have a n,r* singlet excited state, the photo-
chemical heterolytic cleavage is totally absent. The nitro-
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and acetyl-substituted leuconitriles have this a,r* excited
siniglet state, as, éevidenced by their lack of fluorescence
emission. So due to the inherent properties of this type of
singlet (the longer lifetimes and greater spin-orbital inter-
action), the predominant route for energy loss from this ex-
cited state in these leuconitriles is intersystem crossing to
give essentially 100% conversion to the excited triplet and
thus effectively quench the photocoloration reaction.
Thirdly, the photoactive compounds typically have long-
lived «,x* triplet excited states, but the rate of the colora-
tion has been measured in the past to be greater than 10°
sec™!,23 and recently greater than ca. 108 sec™ .24 Thus, the
species which precedes the heterolytic cleavage has reacted

long before the triplets decay.’ o

Finally the lifetimes of the triplet excited states are- es-
sentially the same (7, = 2 sec) for the photocoloring leuco-
nitriles and the. model compounds which exhibit no photo-

chemistry. The photcionization process, therefore, does not

_cause a more rapid depopulation of the triplet excited state

and gives further support to a singlet mechanism.

It appears from our data, then, that the following se-
quence of reactions affords a satisfactory explanation of the
photochemistry of the triarylmethane leuconitriles in 95%
aqueous ethanol. s

" D-CN + hy — D-CN#*D' (1)

D-CN*() — D* + CN- (2)
D-CN#!—D.CN + ke (3)

C DCN* DS DCN*® L (g)
D-CN#*® + Q->D-CN + Q* = - (5)
D-CN*®) —D-CN + kv, (6)
 D-CN#*( o3P D

.. The initial promotion of the photoactive triarylmethaneleu-

conitrile produces an excited n,z* singlet state (k). The
chemistry of the active cxcited state, which may possibly be
a n,7* or a w,7* excited singlet produced by internal con-
version, is characteristic of the methylene insulated chro-
mophore that has the lowest singlet gnergy. The singlet
undergoes an efficient photoionizatioh, which is extremely
rapid (k2 = 10% sec™1)?* and, thus, effectively prevents

deactivation by the other competitive routes such as fluores--

cence (k3 = 3 X 10% sec=7)** or intersystem crossing (k4 =
107 sec™!). One result of this competition for the excitation
energy is reduction in ¢ found forthe leuconitrile com-
pounds in comparison with their model compounds; .

‘With the modification of structure or the addition of cer-
tain substituent  groups, the photophysical properties of
molecules which normally undergo facile photoionization
are changed so that other processes can effectively compete
with the reaction to form dye cation. With.the leuconitrile
of Basic Blue 7 (12a), the relatively longer lived naphthyl-
amine excited state singlet (20 nsec as compared with 3

nsec for aniline) undergoes efficient fluorescence to reduce -

the efficiency of the photochemical reaction. Examples of a
second competitive route for the excited state singlet ener-
gy, intersystem’ crossing, are found with the halogenated
leuconitriles, which undergo more efficient triplet forma-
tion due to the heavy atom effect (ky = k»), and with the
acetyl and nitro substituted leuconitriles, which have lowest
n.=* excited singlet states that inherently undergo an ex-
tremely facile change in multiplicity (k4 > k).

In addition to eq 1-6 which show predominant modes of
energy dissipation, the excited molecules can be deactivated
by radiationless decay to the ground state, or by other pho-
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tochemical reactions. of the singlet or triplet excited states
(eq 7). Examples of the possible excited-state reactions are
photoxidative cleavage to separate the N-alkyl groups?!
and, in the case of the maolecules with low lying n,7* excited
triplet states, photoreduction and bond cleavage typical of
these classes. In comparison with the predominant modes of
energy dissipation, these routes for deactivation are of im-
portance only in the compounds which do not photocolor.
Since for most of the photoactive leuconitriles of triaryl-
methanes the primary photoprocesses, such as photoioniza-
tion and emission, account for most, or all, of the light ab-
sorbed, the photodegradative processes which have been re-
ported? to rapidly “fatigue” the triaryimethane leuconi-
triles most” probably occur through photooxidation of the
dye cation, In support of this observation, it may be noted
that the triarylmethane dyes themselves are notably light
sensitive and are rapidly converted to colorless species,?
whereas even the minor photodegradative processes found
for the leuconitriles of the dyes produce compounds with
the triarylmethane chromophore intact. _

In conclusion, it appears that the photoheterolytic cleav-
age of the triarylmethane leuconitriles takes place from an
excited singlet state, and that an increased intersystem
crossing efficiency or increased singlet emission accounts
for the reduction in the quantum yield of ionization. For
these leuconitriles, the major pathway for energy deactiva-
tion is through photocoloration or emission, and other de-
gradative pathways are not significant in their photochem-
istry. : -

Experimental Secﬁo_n'

General. NMR spectra were measured on either a Varian A-60
or HA-100 spectrometer in CDCl; with an internal tetramethylsil-
ane reference. Ir spectra were determined in potassium bromide on
a Perkin-Elmer Model 527 spectrometer. Mass spectra (70 eV)
were obtained on a Perkin-Elmer ‘Model 270 or a Consolidated

" Model 21-110 spectrometer. Uv and visible spectra were taken on

a Cary 171 spectrometer; extinction coefficients were determined
from the slopes of linear regressions of optical density vs. concen-
tration. Emission spectra were measured on a Baird Atomic SF-1
fluorescence spectrometer with phosphoroscope attachment. Melt-
ing points were taken in an uncorrected Thomas-Hoover melting
point apparatus. Elemental microanalyses were performed by Mid-
west Microlab, Ltd., Ind. :

Chemicals, The following reagent grade dyes were used in the
preparation of the leuconitriles: Crystal Violet, Malachite Green-
{J. T. Baker Chemical Co.), and Rhoduline Blue (9b) (GAF
Corp.). Doebrier’s Violet was prepared from its known triphenyl-.
methane by a chloranil oxidation.30

Benzene and methylcyclohexane, spectral grade, were distilled
before use. Distillation of the ethanol {95%) was found to be un-

_necessary and, in general, this solvent was used without further pu-

rification. ]
" Preparation of Triphenylmethane, Those triphenylmethanes pre-
pared in this study were synthesized using standard procedures by
condensation of the appropriately substituted benzaldchyde with
N N-dimethylaniline.® The isolation of the product was'carried out
by neutralization of the reaction ‘solution, followed by vacuum
evaporation in'a steam bath to remove solvent and unreacted start-
ing materials. The residue was repeatedly extracted with chiloro-
form and the chloroform extract thoroughly washed with water,
dried, and reduced in volume, Then 95% ethanol (2 X the solution
volume) was added and the volume reduced until cooling produced
crystals of the desired triphenylmethane. The product was purified
by recrystallization from ethanol, ) :
Preparation of Leucocarbinals. A. The carbinol bases of the p-
brome- (8), p-nitro- (14), and m-trifluoromethylphenyl-p’,p"/-bis-
(N,I\;'-diméthylaminopheny])}nethanols.(6) were prepared by the
oxidation of the corresponding triphenyimethane with excess chlo-
ranil in 5% ethanol.$ o :
B. The p-methoxyphenyl-p’,p”-bis(N,N-dimethylaminophen-
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" Table IV, Physical Properties of the Leuconitriles

o : . S o - Analysis
Compd Mp,°C. - Ir (cm“)fz S Mt NMR (ppm from Me SDP . C H N .
¥ 226-227 3480, 3490, 2240, 830 299 - 7.26 (5, 5),6.65 (q, 8),. . Caled: 80.24 572 14.04
: 776, 705 . 5.22 (s, H)° Found: 79.84 5.87 13.75 -
2 176-177. 2920, 2230 812, 76(}, 355 7.28 {5, 5),6.86 (q,. 8), . o =
_ 700 ° ) 2.93 (s, 6).
3 293 dec 2890, 2805, 2240, 1230, 398 6 85 (a, 12,2 92 (s, 18}
4 154155 2885, 2800, 2231, 1245, 7.14(q,4),7.12 (m, 5), Caled: 80.50 6.53 7 - 939
. 816,752, 694 6.88 (q,8),2.91 (5,12) ~ Found:80.87 . 660 = 9.55.
5 230--232. 2900, 2795, 2230, 1255, 7.00 (q,4), 6.86 (q, 8), . Caled: 77.89- . 7.06 1090 -
. 1180, 820, 840 3.76 (5, 3),2.92 (5, 12) Found: 77.98 - . 698 10.95
6 164-165 2870, 2805, 2227, 1136, 7.47(d,4),6.82 (q, 8), Caled: 70.90 - 5.71 9.92.
' - 950, 820, 810, 708, 2.92 (s, 12) Found: 71.11 5.64 . 10,01
7 201--202 2995, 2890, 2800, 2222, 7.50 (q, 4), 6.86 (g, 8), Caled: 70.90 591 9.92
1125, 830, 810 292 (5,12) Found: 7075 - 5.65" 9.71
8 233.5-235.5 2890, 2803, 2229, 1109, 7.32 (g, 4), 6.88 (@, 8), Caled: 66.36 . 5.57 9.68
811 2.92 (5, 12) ) Found: 66.23 559 9.76
9 200.5 2880, 2800, 2230, 815, 390 7.33 (m, 4), 6.84 (qa, 8), - Caled: 7392 6.20 10.78 .~
760, 767 - C291¢.12) Found: 73.81° 6.34 11.07
10 211-212 2880, 2800, 22340, 810 7.12 (s, 4), 6.84 {q, 8), “Caled: 81.26 1.34 11.37
2.94 (s, 12), 2.33 (5, 3) Found: 81.28 722 11:36
11 167 2890, 2810, 2236, 1250, 7.00 (m, 4),6.85 (q, 8), Caled: 77.89 7.06 10.90 -
' _ 815, 795, 778, 697 3.73(5,3),293(s,12) Found: 78.05 7.40 10.81
12 235dec 3424, 2965, 2924, 2881, 8.1-6.3 (m, 6, naphthyl), Caled: 80.91 7.99 11:10
2220, 810,796, 746 6.81 (q,8),4.30 (b, 1}, Found: 80.58 8.14 10.85
: 3.32(q,10,/=13.5 Hz),
1.36 (t,3,/= 3.5 Hy),
- - . I S 1.15(1,12,7=3.5 Hz) )
13 210.5-211.5 2896, 2810, 2230, 1686, 7.68 (g, 4), 6.63 (g, 8), Caled: 78.56 6.85 . 10.57
- 815 2.93(s5,12),2.57 (5, 3) Found: 78.62 7.00 10.64
14 190,5-191.5 2896, 2810, 2230, 1520, 7.83 (q, 4}, 6:85 (q, 8), Caled: 71.98 6.04 13.99
1350, 814 293 (s, 12) Found: 71.99 6.13 14.25

an KBr. b = broad, s = singlet, d = doublet, t = tnplet q quartet (due to AB systems in the para-substxtuted phenyl rings). CDlsappeaIs

with deuterium exchange. .

yl)methanol (5) was prepared by the addition of the appfopriate
arylsodium salt to Michler's ketone.?

C. The remaining substituted trlphenyfmethanols (4, &, 7 10,
11, and 13) were synthesized by the reaction of the appropriate ar-
yllithium salt with Michler’s ketone.

Preparation of the Triarylmethane Leucomtnles The dye cation
was produced in 25 mi of dimethy! sulfoxide either by solvation of
the dye chloride (I g) with a 1 X excess of acid, or by treatment of
the dye leucocarbinal (1 g) with a 2 X excess of acid. The resulting
deeply colored solution was heated on a steam bath and then deco-

" lorized with 0.70 g (0.108 mol) of potassium cyanide in a fume
hood. This mixture was filtered, the filter pack washed with 10 mf
of hot 95% ethanol, and the filtrate heated to a boil. Water (ca: 10
ml) was slowly added with stirring to fog the hot filtrate. The
fogged mixture was then digested on a hot plate and cooled to give
crystals which could be purified by repeated recrystallization from
‘a chloroform-ethanol sclution to give good ylelds of the leuconi-

- trile.

Physnca! conslants for the compounds are shown in Tabie IV.

Emission Studies. Emission spectra were measured on a Baird- -

-Atomic SF-1 spectrofluorimeter and were recorded on 2 Houston

Instruments X-Y recorder. The spectra were corrected for the rela-
tive response characteristics of the instrument.*! The quantum
yields of fluorescence were calculated by comparing the integrated
area under the corrected fluorescence spectra and & reference sam-
ple of quinine sulfate in 0.1 & sulfuric acid prepared to give ap-
proximately same absorbance at the exciting wavelength. A value
of 0.55 was used as the quantum yield of fluorescence for quinine
sulfate.3?

The emission spectra were measured using solutions 5 X 10-5 M
in leuconitrile, a concentration at which self-quenching is not a sig-
nificant process. The room temperature absorption and fluores-
cence spectra were measured in 1-cm guartz cells. At liquid nitro-
gen temperature (77 K}, the emission spectra were measured in
Supersil sample tubes within the quartz dewar of the phosphoros-
cope of the Baird Atomic SF-1 spectrofluorimeter. The sampies
were degassed by at least four freeze-pump-thaw cycles at 103
mm pressure and sealed under argon, By use of the rotating shut-

ter, the phosphorescence was scparated frbin' the total emission.
Comparison of the total corrected emission and the corrected emis-
sion dee to phosphorescence permitted calculation of the mtersys-
tem crossing ratio.

Phosphorescent lifetime measurements were made usmg the
spectrofluorimeter whose output at a pure phosphorescence wave-
length was fed to a Tektronix 434 oscilloscope and recorded on Po-
laroid film. The oscilloscope was triggered when the light source of
the spectroﬂuorlmeter was turned off. Lifetimes were obtained by
digitization of the data on Hewlett-Packard calculator, which also
was used- to calculate the'rate of the simple exponential decay by
standard regression techniques. In all cases, the correlation coeffi- -
cient for the decay curve for up to 3 half-livés was greater than
0.99. The reported lifetimes (Table 111} are the mean of at least
three determinations. .

Quantum Yields of Photoionization. Irradiations were performed
in parallel on a “merry-go-round” apparatus (Rayonet MGR-500)
with a Hanovia 100-W high-pressure mercury lamp (SOL 608A-
36) contained in a‘water cooled, Pyrex {Corning 7740) immersion
well. A 2-cm filter solution of mckei sulfaté and cobaltous sulfate33
with a Corning 7740 glass sleeve was used to isolate the 3130-3341
A lines. In some runs, the intensity of the lamp was further dtten-
uated by a neutral density screen to allow longer irradiation times.
The “merry-go-round™ ensures that the same intensity-of radiation
impinges on each sample of a set of simultaneously’ 1rrad1ated sam-
ples.

All quantum yleids for the formataon of dye cations were mea-
sured relative to the Malachite Green actinometer.'-2 Solutions. (25
ml) containing known concentrations of leuconitrile and 1 ml of-

*0.3 M hydrochloric acid were prepared in 95% ethanel in volumet-
ric flasks. Then 5.5-mi portions of these solutions were placed in 16
X 150 mm lime glass culture tubes or quartz tubes (Rayonet
RQV-7). These solutions were ca. 5 X 10~* M in leuconitrile for
most of the compounds. With Doebner’s Violet (1), Crystal Violet
(3), and the p-acetyl Malachite Green (13) Leuconitriles, the con-
centration was ca. 3 X 10~3 M in leuconitrile. Due to the similarity
of the absorption characteristics of most of the leuconitriles with
that of the leuconitrile of Malachite Green, it was possible to pre-
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pare the solutions of reactant leuconitrile to match the absorption
of the actinometer solution or to prepare solutions {ca. 3 X 1073

M) that were opaque (OD > 2) over the wavelengths at which the

light source was emitting. All the solutions in- each run were
opaque (<0.1% T) at 313 nm where the light source emitted 74.9%

of its light. In this manner, the solutions in each run absorbed the

same amount of light.
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