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A complex between an organic photosensitizer, TPP, and the isopolyanion
Mo40,,’~, of stoicheiometry (TPP),MosO,, (TPPM), has been characterized in
solution. The irradiation of the low-energy absorption bands of TPPM in solution
results in immediate photochromism, a process which is reversible and repeatable.
Mo¢O,4>~ can quench the fluorescence of TPP. Comparison of the photo-
chromism of both TPPM and [#-BuyN],[Mo,O,,] (TBAM) show that TPPM
has more intense photochromism and a faster fade rate than that of TBAM. The
photochromism process of TBAM is irreversible. In the crystal stack TPP cations

form a stack, and the Mo4O,, anions form parallel columns alternately.

Recent work has highlighted the ability for photo-
chromism of well known polyoxoanions conjugated with
organic molecules.'~” However, photochromism involv-
ing these compounds is not truly reversible. In order to
prepare reversible photochromic materials, we have cho-
sen photosensitive organic molecules as donor and Type
I polyoxometalate anions having easily reduced proper-
ties® as acceptor. Such anions are still of interest because
of their high electron acceptor capability.” We report here
a new reversible photochromic charge-transfer salt using
photosensitive triphenylpyryllium (TPP) as donor and
the hexamolybdate dianion (MogO,,” ), having the
Lindquist structure, as acceptor.'® Although the photo-
chemistry of [n-Bu,N],[MosO,5] (TBAM) under flash
photolysis has been published previously,'! no photo-
chromism has been reported under ultraviolet irradiation.
In this paper the photochromism of TBAM in DMF so-
lution is examined and compared with that of TPPM.

Experimental

All materials were of reagent grade and used without fur-
ther purification. [n-Bu,N],[MocO,,]"? and TPP.CIO‘,'13

* Present address: Institute of Chemistry, Academia Sinica,
Beijing 100080, People’s Republic of China.
* To whom correspondence should be addressed.

© Acta Chemica Scandinavica 50 (1996) 1-5

were prepared and purified according to literature pro-
cedures.

Elemental analyses were performed on a Perkin-Elmer
240C instrument. Electronic spectra were recorded on a
Shimadzu UV-3100. The ESR spectra were obtained on
a Bruker ER 200D spectrometer. The emission spectra
were obtained using a RF-450 spectrofluorometer
(Shanghai, China).

Synthesis of [TPP],[Mo,0,,] (TPPM). The title com-
pound has been obtained as a yellow precipitate by re-
acting a stoicheiometric amount of [#-Bu,N],[MosO,,]
with (TPP)CIO, in acetonitrile solution. Single crystals
were obtained by a diffusion method. Anal: Calcd. for
C,H1.M0.0,,: C, 36.87; H, 2.29. Found: C, 36.65; H,
2.13.

Determination of the crystal structure. A single crystal with
the approximate dimensions 0.40 x 0.25 X 0.30 mm was
mounted on a glass fibre. All the intensity data were col-
lected on an Enraf-Nonius CAD4 diffractometer using
graphite-monochromated Cu Ko radiation (A = 1.5418 A)
with a scan mode of ®w-2@. Independent reflections
(3578) were collected in the range 2<2®<116°, and
2598 reflections with I> 3o (/) were used for further com-
putation. All data were corrected for Lorentz and polar-
ization effects, and empirical absorption corrections,
based on { scans, were applied.
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TPPM is monoclinic, space group C2/c, M, = 1498.5,
with the cell dimensions a=19.769(2), b= 14.352(3),
c=16.868(2) A, B=99.99(3)°, V=4713.4 A® Z=4,
D_,.=2.111gcm?, F(000)=2920, p = 136.8 cm '. The
structure analysis was performed on a PDP 11/44 com-
puter with an SDP program.'* The positions of all the
molybdenum atoms were determined by direct methods.
The positions of other non-hydrogen atoms were revealed
by difference Fourier syntheses. The hydrogen atoms, lo-
cated in a difference map and fixed with isotropic
B=5.0 A%, were included as a fixed contribution. The
structure was refined with unit weights by full-matrix
least-squares methods with anisotropic thermal factors
for all non-hydrogen atoms. Refinement converged to a
final R =0.078 and R, =0.079 for the 2598 observed re-
flections.

Results and discussion

Synthesis of TPPM. When an acetonitrile solution of the
TPPCIO, and isopolyoxomolybdate Mo,0,,>" are
mixed, a new material far less soluble in acetonitrile than
either of the components precipitates from the solution.
This complex between the isopolymolybdate and the or-
ganic substrate, TPP,[Mo4O,,] (TPPM), can be recrys-
tallized from DMF.

Photochemistry of TBAM and TPPM in solution. Figure 1
shows the absorption spectra of a DMF solution of
TBAM before dianion formation, after 60 min of irra-
diation of the above solution, and after the solution had
faded. On irradiation, the DMF solution of TBAM shows
broad absorption bands at 660 and 820 nm in electronic
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Fig. 1. Absorption spectra of [n-Bu,N],[MogO,] (in DMF,
5,X1072 M) in a 10 mm cell at room temperature, irradia-
tion with a 500 W Xe lamp using cut-off filters =300 nm
for 60 min, (1) before irradiation, (2) after irradiation, and
(3) after fade.

spectra, which indicate that MoYMos"'0,;> were
formed. The absorption spectrum of Mo" obtained in this
work is very different in shape and peak position from
that of produced by electrolysis of MogO,,>~ in DMF."?
The band at 820 nm is assigned to the °B,—°E IVCT
transitions (band B).'®!? In the electrolysis spectrum
Mo" shows an IVCT transition of shoulder band A at
1110 nm,'? but has no band in the photochemical re-
duced Mo". This indicates that band A may have merged
with band B.'° This case also occurred in other poly-
oxometalates on photochemical reduction.’* The band at
660 nm may also be ascribed to band B, which did not
occur in the spectrum of electroreduced Mo",'? but was
observed in the spectrum of photoreduced [Mo,0,,]°.!
The colored solution shows a two-stage transient decay
of the photochromer, and its first-order fade rate con-
stants k, and k, are 1.8 x 10" * and 3.1x10 > s, re-
spectively, by spectroscopic methods. The colored solu-
tion gave rise to a single intense ESR signal at 293 K
(g=1.923, AH=52 G) due to Mo"."> TBAM was not
equivalent to that obtained prior to photolysis; the maxi-
mum absorption shifted from 327 to 295 nm owing to
photochemically induced changes. This implies that cer-
tain Mo" species or a protonated polyoxometalate® may
exist in the faded solution. The primary photochemical
reactions can be expressed as follows:''

hv
Mo,0,5> " = (MoO,5"  )* (1)

(Mo4O,5> " * + SH, = MogO,s>~ + ‘SH+ H* )

or
(M0,0,5>")* + SH, = HMo"Mo,0,5>~ + 'SH  (3)

where SH, and -‘SH represent DMF and
HCON(CH,;)CH,-, respectively. The -SH radical may
disappear by radical recombinant or self-decomposi-
tion.'® Because of the low quantum yield of Mo","! pho-
tochromism of TBAM has not been observed in CH;CN

solution under ultraviolet light irradiation.

Figure 2 shows the electronic absorption spectra of
TPP and TPPM before and after irradiation. On irra-
diation, although TPP exhibits photochromism with a
maximum absorption band at 483 nm, the TPPM dis-
plays more intense photochromism. The absorption spec-
trum of irradiated TPPM is very similar to that of
TBAM, but its photochromism is more intense than that
of the latter. The of photochromism of TPPM is revers-
ible and can be repeated many times, but it fades away
faster than TBAM; the rate constants are k; = 3.8 x 107 °
and k,= 5.2 x 1077, respectively. In the resulting colored
solution no ESR signal could be observed.

Figure 3 shows the fluorescence spectra of TPP and
TPPM. The TPP exhibits intense fluorescence
(Mmax =475 nm),'® but the fluorescence intensity of
TPPM is only 459, that of TPP. This indicates that the
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Fig. 2. Solution electronic spectra of the (TPP)CIO, (a) and
the title complex TPPM (b). Both 5X 1072 M (DMF). The
condition of irradiation is the same as that of
[n-BuyN],[Mog0,,]. (1) before and (2) after irradiation.
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Fig. 3. Emission spectra of (TPP)CIO, (a) {2X10™°) and
TPPM (b) (1X107% M) (in DMF solution, A, =417 nm) at
room temperature. The excitation spectrum of TPPM is given
on the left-hand side.

fluorescence of TPP can be quenched by Mo 0,4~ . The
photochromism process and the quenching mechanism of
TPPM may be summarized as follows:'’

fluorescence:

h

v
TPP* = (TPP")* 4
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quenching:

(TPP*)* + MogO,s>~ — TPP*" + (MogO,4” " )* %)

photochromism:
(TPP*)* + SH, - TPP' + SH, "~ 6)

The (Mo4O,,° " )* state in TPPM can be obtained by en-
ergy transfer with ultraviolet irradiation from excited
(TPP ™ )*, which results in quenching of the fluorescence
of (TPP*)*. From the redox potentials of TPP*
(-0.37 V)'® and Mo,O,s°>~ (-0.83 V),"? it can be ex-
pected that TPP* may interact with MogO,,’ ~:

Mo,O,,>~ + TPP* — Mo4O,,>~ + TPP' @)

Because the photochromism of TPP is reversible,'” the
all photochromic procedures of TPPM are also revers-
ible.

From the results outlined above, it can be expected
that the quantum yield for the formation of the reduced
hexamolybdate will increase by energy transfer from ex-
cited TPP. The fact that TPPM shows reversible pho-
tochromism and a faster fade rate may be due to inter-
actions between the TPP* radical and MogO,,’ .

Structural studies. The atomic coordinates of non-hydro-
gen atoms, bond distances and angles are listed in
Tables 1, 2 and 3, respectively. The molecular structure
and crystal structure of the title complex are displayed in
Figs. 4 and 5.

The average Mo—O bond distances in [Mos0,,]*~ are
similar to those reported previously,”*?! i.e. 1.680(6) A
for Mo-0, (terminal), 1.917(4) A for Mo-0, (bridging)
and 2.312(1) A for Mo-0, (central).

The pyryllium ring is almost planar, with a maximum
deviation of 0.018 A from the best plane. The bond angle
of oxygen is 124.1(7)° and the two C-O bonds are

Fig. 4. Molecular structure of [TPP],[MogO,,].
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Table 1. The non-hydrogen atomic coordinates of
[TPP],Mo00,,.

Atom  x y z B/A
Mo1  0.23473(8) 0.1149(1) 0.5701(1) 2.07(3)
Mo2  0.13609(7) 0.2879(1) 0.4961(1) 1.99(3)*
Mo3  0.27897(8) 0.3296(1) 0.6203(1) 2.17(3)
01 0.250 0.250 0.500 1.6(3)
02 0.1459(5) 0.1698(9) 0.5523(8) 1.7(3)°
03 0.3296(5) 0.1110(9) 0.5594(9) 2.2(3)
04 0.2146(7) 0.0779(9) 0.4582(9) 2.6(3)
05 0.2615(6) 0.205(1) 0.652(8) 2.5(3)
06 0.1341(5) 0.217(1) 0.3980(8) 2.3(3)°
07 0.1826(5) 0.344(1) 0.5962(8) 2.5(3)°
08 0.2243(7) 0.015(1) 0.618(1) 3.8(4)
09 0.0528(4) 0.311(1) 0.4944(9) 3.2(3)
010  0.29990(7) 0.388(1) 0.7082(9) 3.8(4)
011 0.4173(7) 0.239(1) 0.2943(9) 3.1(3)
C1 0.382(1) 0.166(2) 0.260(1) 2.6(4)
C2 0.324(1) 0.184(2) 0.2202(1) 2.8(5)
C3 0.303(1) 0.274(2) 0.184(1) 2.8(5)
C4 0.342(1) 0.348(2) 0.223(4) 2.5(4)
C5h 0.398(1) 0.329(2) 0.279(1) 2.8(5)
Cé6 0.4067(8) 0.076(2) 0.286(1) 2.3(4)°
C7 0.467(8) 0.065(2) 0.343(2) 4.2(6)°
C8 0.492(1) -0.021(2) 0.362(2) 5.3(7)7
C9 0.459(1) —0.100(2) 0.334(2) 5.3(7)
C10  0.400(2) —0.091(2) 0.279(2) 5.7(7)
C11 0.372(1) —0.004(2) 0.2557(2) 4.7(6)
C12  0.264(1) 0.296(2) 0.112(1) 2.9(5)
C13  0.233(1) 0.374(2) 0.083(2) 5.1(7)
C14  0.172(1) 0.394(2) 0.023(2) 5.8(7)
C15  0.123(1) 0.326(2) 0.013(2) 5.2(7)
C16  0.129(1) 0.246(2) 0.052(2) 5.3(7)
C17  0.188(1) 0.222(2) 0.107(2) 4.0(6)
C18  0.4439(9) 0.399(2) 0.320(1) 2.3(4)
C19  0.501(1) 0.369(2) 0.373(2) 4.8(62)
C20 0.545(1) 0.443(2) 0.412(2) 6.1(8)
C21 0.531(1) 0.529(2) 0.401(2) 5.0(6)
C22  0.475(2) 0.560(2) 0.350(2) 5.7(8)
C23  0.420(1) 0.493(2) 0.311(2) 4.0(6)

Isotropic thermal factors.

1.338(8) and 1.356(8) A, respectively, which differ from
that of the TPP-tetracyanopropenide (TPP-TCP)*
[122.5(3)° and 1.355(4) A]. The C—C bond lengths of
pyryllium ring are in the accepted range for a benzene

Table 2. Bond distances of [TTP],Mo,0,, (in A).

Table 3. Bond angles of [TTP],Mo40,4 (in °).

01-Mo1-02
01-Mo1-03
01-Mo1-04
01-Mo1-05
01-Mo1-08
02—-Mo1-03
02-Mo1-04
02-Mo1-05
02-Mo1-08
03-Mo1-04
03-Mo1-05
03—-Mo1-08
04—-Mo 1-05
04-Mo1-08
05-Mo1-08
01-Mo2-02
01-Mo2-03
01-Mo2-06
01-Mo2-07
01-Mo2-09
02-Mo2-03
02-Mo2-06
02-Mo2-07
02-Mo02-09
03-Mo2-06
03-Mo2-07
03-Mo02-09
06—Mo2-07
06—Mo2-09
07-Mo2-09
01-Mo3-04
01-Mo3-05
01-Mo3-06
01-Mo3-07
01-Mo3-010
04—-Mo3-05
04—Mo3-06
04—Mo3-07
04-Mo3-010
05—Mo3-06
05—-Mo03-07

76.8(2)
71.1(2)
75.8(1)
76.1(1)
178.2(2)
152.9(3)
86.1(2)
88.1(2)
104.1(3)
86.5(2)
86.3(2)
103.0(2)
151.9(2)
102.5(3)
105.6(3)
76.5(3)
76.5(3)
77.04(9)
76.1(2)
177.8(1)
152.9(4)
86.8(2)
86.7(2)
101.4(2)
86.3(2)
87.7(2)
105.8(3)
153.2(2)
102.5(2)
104.3(2)
76.6(1)
75.8(1)
77.3(1)
77.2(1)
179.2(2)
1652.5(2)
87.8(2)
87.8(2)
103.5(2)
85.9(1)
86.3(2)

05—Mo3-010
06—Mo3-07
06—Mo3-010
07-Mo3-010
C1-011-Cb
011-C1-C2
011-C1-Cé6
C2-C1-Cé
C1-C2-C3
C2-C3-C4
C2-C3-C12
C4-C3-C12
C3-C4-Ch
011-C5-C4
011-C5-C18
C4-C5-C8
C1-C6-C7
C1-C6—C11
C7-C6-C11
C6-C7-C
C7-C8-C9
C8-C9-C10
C9-C10-C11
C6-C11-C10
C3-C12-C13
C3-C12-C17
C13-C12-C17
C12-C13-C14
C13-C14-C15
C14-C15-C16
C16-C16-C17
C12-C17-C16
C5-C18-C19
C5—-C18-C23
C19-C18-C23
C18-C29-C20
C19-C20-C21
C20-C21-C22
C21-C22-C23
C18-C23-C22

104.1(3)
154.3(2)
103.6(2)
102.1(2)
124.1(7)
117.8(5)
117.1(7)
125.0(6)
120.2(6)
118.7(7)
120.2(6)
121.1(6)
120.0(6)
119.2(8)
116(1)

124.3(7)
120.8(7)
121.7(8)
117.7(6)
119.4(7)
123.4(8)
118.2(7)
120.6(7)
120.3(7)
121.7(8)
118.3(7)
119.9(8)
123(2)

115(2)

123(2)

123.1(9)
115.3(7)
117.5(9)
122.0(9)
120(1)

114.9(9)
122.5(9)
124(1)

116.6(8)
121.6(8)

ring, which is different from the of TPP-TCP, where the
C-C bond lengths are significantly different from that of
a benzene ring. This indicates that the electron delocal-
ization of the pyryllium ring in TPPM is greater than that
of TPP-TCP. The electron delocalization may also be

Mo 1-01
Mo 1-02
Mo 1-03
Mo1-04
Mo1-05
Mo 1-08
Mo2-01
Mo2-02
Mo2-03
Mo2—-06
Mo2-07
Mo2-09
Mo3-01
Mo3—-04
Mo3-05

2.3178(7)
1.901(7)
1.92(1)
1.935(3)
1.897(3)
1.676(4)
2.3064(6)
1.935(5)
1.913(6)
1.936(4)
1.950(4)
1.676(6)
2.3127(5)
1.895(4)
1.920(4)

Mo3-06
Mo3-07
Mo3-010
011-C1
011-C5
c1-C2
C1-Cé6
c2-C3
c3-C4
C3-C12
C4-C5
C5-C18
C6—C7
C6—C11
Cc7-Cs8

1.918(4)
1.889(7)
1.668(7)
1.338(8)
1.356(9)
1.40(1)

1.432(9)
1.388(7)
1.410(9)
1.48(1)
1.36(1)
1.44(1)
1.40(1)
1.38(2)
1.36(2)

C8-C9
C9-C10
C10-C11
C12-C13
c12-C17
C13-C14
C14-C15
C15-C16
C16—-C17
C18-C19
C18-C23
C19-C20
C20-C21
C21-C22
C22-C23

.34(2)
.36(2)
.39(1)
.33(1)
.46(1)
.44(1)
.38(2)
.32(2)
.40(1)
.39(2)
.37(1)
.46(2)
.27(1)
.36(1)
.41(1)
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Fig. 5. View of crystal structure of [TPP],M040,4.

explained by C-C bond lengths and angles connecting
the benzene rings with pyryllium. The two C-C bond
lengths neighbouring the O atom are 1.43 and 1.44 A,
and are shorter than the equivalent bonds in TPP-TCP.
The angles O(11)-C(1)-C(6) and O(11)-C(5)-C(18)
[117.1(7) and 116(1)°], close to 120°, are larger than that
of TPP-TCP (113.6 and 113.3°). The three benzene
rings are planar within experimental error, and the rings
of A and C are coplanar with the pyryllium ring. Ring B
tilts from the plane of pyryllium at angles of 2.85, 25.25
and 3.14° for rings A, B and C, respectively. The results
indicate that the pyryllium ring in TPPM tends to form
a conjugated structure with two ortho benzene rings, and
the electron deficit at C(1) and C(5) is higher than that at
C(3).

In the unit cell, MogO,,>~ and TPP are arranged in
the form of parallel columns along the c-axis. The cations
and anions stack alternately. The anions stack along the
a-axis, and the cations along the a-direction inclining to
the c-axis. In the column, although the TPP cation is
sandwiched by anions and vice versa, the TPP cation is
alternately parallel in order, and its positive charge is in
closer contact with one of the anions than the other. Thus

PHOTOCHEMICAL TPPM AND TBAM

the TPP cation and Mo4O,,>~ anion can be considered
to form an ion-pair in the crystal as a column unit.
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