6326 J. Phys. Chem. R003,107,6326-6333

Phosphorus(V) Porphyrin—Azoarene Conjugates: Synthesis, Spectroscopy, eigans
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A series of photochemically active, “axial-bonding” type phosphorus(V) porphaaoarene (PA) conjugates,

viz., [(TTP)PV(-O-AZM) ,]*, [(TTP)PY(-O-AZT),]*, [((TTP)PVY(-O-AZB),]*, and[(TTP)PV(-O-AZN),]*

(TTP is 5,10,15,20-tetra(4-methylphenyl)porphyrinato dianion @AzZM , O-AZT, O-AZB, andO-AZN

are the axially coordinated 4-methoxy azophenoxo, 4-methyl azophenoxo, azophenoxo, and 4-nitro azophenoxo
ligands, respectively) have been synthesized and fully characterized by mass (FAB), infraredsio\é,

proton nuclear magnetic resonance (1D &detH COSY), and electrochemical methods. The spectroscopic
data suggest that the two azoarene subunits in these hexa-coordinated systems exist in their trans isomeric
forms and that there is minimal ground-state interaction between the axial ligands and the basal parphyrin
plane in each case. Continuous irradiation ofsCN solutions containing these new-R conjugates at

345+5 nm results in isomerization of the phosphorus-bound azoarene subunits to produce the respective cis
forms, as revealed by the UWisible spectral data. The reverse, thermal back reactions have also been
spectrally monitored, and the trans forms could be recovered quantitatively. Rate measurements and detailed
analysis of the kinetic data have been made for both the forward and the reverse reactions. Fluorescence due
to the porphyrin components of the “trans forms”[6fTP)PV(-O-AZM) 5], [(TTP)PV(-O-AZT) ] ", and
[(TTP)PV(-O-AZB)]" are quenched in comparison with that due to a porphyrin reference comg¢Life )¢
PY(OH),]*). Moreover, fluorescence intensities of the respective “cis forms” are less than the corresponding
“trans forms” in each case. The photochemical/thermal traicss isomerization reactions of the axial azoarene
subunits and the consequent modulation of the fluorescence intensities have been repeated several times with
minimal loss of the material. Based on the results of detailed photochemical studies carried out with these
new P-A conjugates, it is argued that distance dependence of the photoinduced electron transfer occurring
between the axial azoarene subunit and the singlet porphyrin is responsible for their effective and stable

photoswitching function.

Introduction tems. However, barring a recent exceptiténmany earlier

. ... attempts to build functionally active, porphyrin-based photo-
Photoreversible compounds, where the process of rever5|b|I|tyswitchpes with the switchinc};l action ?)eiﬁgyeffected bF;/ the

IS b.ased on phof[ochemlcqlly |nduceq INtErconversions, are u;,nenzene moiety have been curiously unsucce¥sfdl.
particularly attractive materials for fabricating molecule-based Extending on our recent successful demonstration of the

switching deviced:> Molecular/supramolecular systems that photoswitching function by a prototype phosphorus(V) (P(V))

Incorporate in a;zolbenzefne cErorTc:phrc])re N the|[ a.rclh'teCt.“reporphyrin—azobenzene systethwe describe here the design,
?rethanflm.pl)or ar:j class c')b|suig photochromic tma ena st.owmg synthesis, spectral characterization, ane-tians isomerization
0 the Taciie and reversible ciSrans 1somerization reactions ;,q,ced luminescence on/off function of a series of hexa-

of this phztoa(itive cbhromorp])hore. Although b:ViSiblz sgec- __coordinated P(V)porphyrinazoarene (PA) conjugates, Figure
troscopy has long been the most commonly used detectiony tns gy illustrates the potential utility of this class of “axial-

technique for sensing the activities of such materials, the oo qina” tvbe P(V) porphvrins as photoswitching devices
necessity of having other means of detection (viz., complexation 9" type P(V) porphy P g '

of ions, refractive index, electrochemical behavior, lumines-
cence, etc.) is increasingly being realized in recent years. A
number of molecular assemblies, which can potentially exhibit ~ Materials. The chemicals and solvents utilized in this study
modulation of their fluorescence/redox properties that is induced were purchased from either Aldrich Chemical Co. (U.S.A.) or
by cis—trans isomerization of the appended azobenzene sub-B. D. H. (Mumbai, India). The solvents utilized for spectroscopic
unit/s are being developed by many researchiéfsAmong such and electrochemical experiments were further purified using the
systems, those based on porphyrins and their derivatives are otandard procedurdg.

relevance to the present work. Porphyrin-based systems are Synthesis. The precursor porphyrins, 5,10,15,20-tetra(4-
useful in the design of devices involving long-wavelength methylphenyl)porphyrink,TTP),2* and its P(V) derivatives 5,-
excitation because of the favorable spectral and luminescencel0,15,20-tetra(4-methylphenyl)porphyrinato phosphorus(V) di-
properties of these extensivetyconjugated macrocyclic sys-  chloride ((TTP)PVY(Cl);]") and 5,10,15,20-tetra(4-methyl-
phenyl)porphyrinato phosphorus(V) dihydroxidgTTP)PV-

*To whom correspondence should be addressed. (OH),]™),%2 have been synthesized by employing the reported
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]+

Rl

R' = OCH, :[(TTP)PV(-O-AZM),]*
CH, :[(TTP)PV(-0-AZT),]*
H : [(TTP)PV (-O-AZB),]*
NO, :[(TTP)PY(-O-AZN),J*
Figure 1. Structures of the PA conjugates investigated in this study
(R = 4-methylphenyl group).

methods. 5,10,15,20-Tetraphenylporphytit»TPP) and 5,10,-
15,20-tetraphenylporphyrinato zinc(I[(TPP)Zn'1), the refer-
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[M]* 1153, [M-(GaH11N202)]t 926, [M-2(GiaH11N20,)]+ 699
(base peak](TTP)PV(-O-AZT) J]™: IR: 885 cnT? (vp—o), 1489
cm™ ! (vn=n); FAB-MS: [M]* 1121, [M-(G3H1:N20)]* 910,
[M-2(C13H11N,0)]" 699 (base peak](TTP)PV(-O-AZB),]™:
IR: 883 cnm? (vp—), 1489 cnm! (vn—n); FAB-MS: [M]*+ 1093,
[M-(C12HgN20)]+ 896, [M-2(C2HgNLO)]™ 699 (base peak).
[(TTP)PV(-O-AZN),]*: IR: 847 cnm! (vp—o), 1489 cnml (vy=
n); FAB-MS: [M]* 1183, [M-(GHgNsO3)]* 941, [M-2-
(C12HsN303)] ™ 699 (base peak).

Methods. Care was taken to avoid the entry of direct, ambient
light into the samples in all the spectroscopic and electrochemi-
cal experiments described below. Unless otherwise specified,
all of the experiments were carried out at 2833 K.

FAB mass spectra were recorded with a JEOL SX 102/DA-
6000 mass spectrometer/data system. Infrared spectra were
recorded (KBr pellets) with a Jasco model 5300 FT-IR
spectrometer. UV visible spectra were recorded with a Shi-
madzu model UV-3101-PC UWvisible spectrophotometer.
Concentration of the samples used for these measurements
ranged from~2 x 107 M (porphyrin Soret bands) te-6 x
105 M (porphyrin Q-/azoarene bands). TH¢ NMR spectra
were recorded with a Bruker NR-200 AFFT NMR spectrom-
eter using CDG as the solvent and tetramethylsilane (TMS)
as an internal standard. The proton decoupledNMR spectra
were also recorded with the same instrument albeit, with an
operating frequency of 80.5 MHz and with 85%RD, as an
external standard. Cyclic- and differential-pulse voltammetric
experiments (CBCN, 0.1 M tetrabutylammonium perchlorate,
TBAP) were performed on a CH Instruments model CHI 620A
electrochemical analyzer as detailed in our previous studies
(working and auxiliary electrodes: Pt; reference electrode:
SSCE)*2 Fc'/Fc (Fc = ferrocene) couple was used to
calibrate the redox potential values.

Steady-state fluorescence spectra were recorded using a Jasco
model FP-777 spectrofluorimeter. The emitted quanta were
detected at right angle to the incident beam. The utilized
concentrations of the fluorophores were such that the optical
densities (O.D.) at the excitation wavelengths were always less
than 0.2. The fluorescence quantum yieldg (vere estimated

ence compounds used during the fluorescence studies, were alsby integrating the areas under the fluorescence curves and by

synthesized by the literature procedutesNon-porphyrinic
precursors 4-hydroxy~4nethoxyazobenzendZM(OH) ), 4-hy-
droxy-4-methylazobenzen@ZT(OH) ), 4-hydroxyazobenzene
(AZB(OH)), and 4-hydroxy-4nitroazobenzeneAZN(OH))
were prepared by adapting the standard procetfufe-A
conjugates,[(TTP)PV(-O-AZM) 5]+, [(TTP)PV(-O-AZT) ,]*,
[(TTP)PV(-O-AZB)]*, and[(TTP)PY(-O-AZN),]*, have been
synthesized starting fronf(TTP)PV(Cl);]" and the above
hydroxy azoarene precursors, as detailed below.
Preparation of the P—A Conjugates. [(TTP)PY(Cl);]* (0.10
g, 0.013 mmol) and~2 mmol of eitherAZM(OH) (0.46 g),
AZT(OH) (0.42 g),AZB(OH) (0. 40 g) or AZN(OH) (0.49
g) were dissolved in pyridine (20 mL) and refluxed £h under

using [(TPP)Zn"], (¢ = 0.036 in CHCI,) as the standard.
Refractive index corrections have been incorporated while
reporting the fluorescence data in various solvéhi&iplet—

triplet differential absorption spectra and the triplet state lifetimes
were measured using nanosecond laser flash photéR/Bim:

laser excitation at 532 nm (8 ns width, 30 mJ) a Quanta Ray
GCR-2 Nd:YAG laser was employed in the right angle geometry
and a 1 cnpath length cell was used in this investigation. The
signals were detected using a pulsed xenon lamp, Czerny Turner
monochromator and R-928 PMT. The signals were captured in
a Hewlett-Packard 54201A digital storage oscilloscope. The data
were transferred to the computer and analyzed using an in-house
software. The experiments were carried out by purging the

the nitrogen atmosphere. The solvent was removed undersolution with argon for 20 min.
reduced pressure, and the crude product was chromatographed Steady-state photolysis of GBN solutions of the PA

on silica gel (66-200 mesh size). Elution with CH&temoved

conjugates and their respective azoarene precursors were carried

a faint red fraction which was discarded in each case. Changingout using a Xe-arc lamp (150 W, PTI model A1010) as the

the eluent to CHGHCH30H (10:1 v/v) mixture removed the

light source. The required wavelength for the irradiation (345

desired product as a purple-brown band. The solvent was4 5 nm) was isolated from the source using a PTI model S/N
evaporated under reduced pressure, and the resulting solid wag366 MONO monochromator. A 10-mm light path-length quartz

recrystallized from CHCl,—hexane to give pure solid product.
Yields varied typically between 70 and 80%.

IR (KBr Pellet) and FAB-MS (M/z) Datg(TTP)PV(-O-
AZM) 2] *: IR: 887 cnit (vp—o), 1489 cmi? (vn—n); FAB-MS:

cell was used for these measurements. All of the samples were
degassed by purging with nitrogen gas before photoirradiation.
Absorbances of the samples being irradiated were monitored
as a function of time in the wavelength region 2780 nm.
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TABLE 1: NMR Data

H NMR dat& o, ppm

axial ligand protorns

peripheral protons Ho Hum Ho' HM' 31p NMR
Hg HoHm (Jrr, Jpry) (Irm) (Irh) (Inn) Hy/CHs dat& 9,
compound (JpH) (Inm) CHs [Ad] [AO] [Ad] [Ad] [AO] ppm
[(TTP)PY(-O-AZM) ;]*  9.06 7.66 7.51 2.59 2.37 6.50 7.59 6.87 3.82 -—197.2
(d,8H) (d,8H) (d,8H) (s,12H) (d,4H) (d,4H) (d,4H) (d,4H) (s, 6H)
(3.3) (7.9) (7.9) (8.8) (8.8) (9.0) 9.0
[4.6] [1.3] [0.26] [0.1] [0.07]
[(TTP)PY(-O-AZT) ]+ 9.07 7.66 7.51 2.60 2.37 6.53 .51 7.17 235 -—197.4
(d,8H) (d,8H) (d,8H) (s,12H) (d,4H) (d,4H) (d,4H) (d,4H) (s, 6H)
3.7) (7.9) (7.9) (9.0) (9.0) (8.0) 8.0)
[4.5] [1.3] [0.32] [0.1] [0.08]
[(TTP)PY(-O-AZB) " 9.08 7.66 7.51 2.59 2.40 6.56 7.58 7.38 —194.9
(d,8H) (d,8H) (d,8H) (s,12H) (d,4H) (d,4H) (d,4H) (d, 4H)
(3.4 (7.7) (7.7) (8.0) (8.0) (8.0 (8.0)
[4.5] [1.3] [0.31] [0.1]
[(TTP)P*(-O-AZN) ] * 9.10 7.67 7.52 2.59 2.45 6.64 7.70 8.23 —1955
(d,84) (d,8H) (d,8H) (s,12H) (d,8H) (d,4H) (d,4H) (d,4H)
3.7) (7.4) (7.4) (8.5) (8.5) (8.5) (8.5)
[4.5] [1.3] [0.26] [0.14]

a Spectra were measured in CR@king TMS as an internal standard. Error limits:4-0.01 ppm; J£1 Hz. ® Spectra were measured in CRCI
using 85% HPO, as an external standard. Error limit§; 0.5 ppm.¢ A¢ values given within the square parentheses refer to ring current induced
shifts for the resonances due to various protons on the axial azoaryloxo ligand&gi=®.p (free azophenol)- 6 (porphyrin).

Irradiation was discontinued upon attainment of the photo-
stationary equilibrium (PSE; i.e., when no further change in
absorbance at the 345 nm band occurred). The trans-to-cis b,c
isomerization rate constar,-c, was evaluated from the change *

in absorbance with respect to timéeq 1) a,d

N\N
ket = In{(A, = A)/(A = AL} @) d ©

whereA,, A;, andA. denote the absorbancetat 0, t and o,
respectively. Bothk—. and A.. were evaluated by a nonlinear
least-squares calculation. Quantum yields of the photochemical
trans-to-cis isomerizatiori—c) were determined using azoben-
zene as the working standardé,(. = 0.11 in hexanej° The
intensity of light was measured using ferrioxalate actinométry.
Immediately upon attainment of the PSE, each sample was \
kept aside in the dark to monitor the thermal cis-to-trans d a
reaction. The spectra were run in the wavelength region-275 /
700 nm at regular intervals of time. The cis-to-trans isomer- b
ization rate constank., was evaluated from the change in » .I JLN
absorbance at 345 nm and using a kinetic treatment similar to
that described above for the trans-to-cis isomerization reaction. [PVTTP(C1)2]+
*

AZM(OH) o
a
b

[P'TTP(-0-AZM),]

*

Results and Discussion

Synthesis and Characterization.Relying largely on oxo-
philicity of the P(V) ion and by adopting a protocol that we
had developed earlier for the synthesis of various “axial-
bonding” type P(V), Sn(lV), and Ge(IV) porphyrin arrays and
donor-acceptor (B-A) compounds?-36 synthesis of the four
new P-A conjugates has been accomplished here in good-to- T T 7 :
moderate yields. These aryloxo P(V) porphyrins are readily 10 8 6 4 2 0
synthesizable and stable species as was the case with a host of

)€ 3 : . ; ; o, ppm
aryloxo derivatives of metalloid porphyrin species previously
reported by u®¥ 36 and otherg237 Each new compound was  Figure 2. 'H NMR spectra (CDG} TMS) of AZM(OH) , [(TTP)PV-
fully characterized by FAB-MS, IR, UVvisible, and*H NMR (-O-AZM) ;]*, and[(TTP)PVCI]*.
(1D and!H-H COSY) methods. Figure 2 which compares the spectrum TTP)P(-O-

The 'H NMR spectrum of each new metalleighorphyrin AZM) 5] with those of its unlinked, synthetic precursors, viz.,
synthesized during this study shows characteristic, porphyrin [(TTP)PVCl,]™ and AZM(OH) . As seen, protons of the type
ring-current induced upfield shififor the protons on the axial ~ a, b, ¢, andd of AZM(OH) are upfield shifted upon axial
aromatic ligands, with the magnitude of shift for a given proton coordination if(TTP)PV(-O-AZM) ,]*. The situation is similar
(A0 = Oiree azopheno— Ocomplexed b€ING @ function of its separation ~ with the other P-A conjugates investigated here, as revealed
distance from the porphyrin plane. This fact is illustrated in by the corresponding\d values summarized in Table 1. On
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TABLE 2: Redox Potential Data (CH3CN, 0.1 M TBAP)2

reduction oxidatiorf
Eip, V Eip, V Ecr,¢
compound (vs SCE) AE P (vs SCE) eV

[(TTP)PY(OH)]* —0.61,—0.96,
[(TTP)PY(-O-AZM) 5] * -0.37,—0.79 0.42 +1.30 1.67
[(TTP)PY(-O-AZT) ]+ —0.43,—-0.86 0.43 + 1.49 1.92
[(TTP)PY(-O-AZB) )" —0.44,-0.88 0.44 + 1.51 1.95
[(TTP)PY(-O-AZN) ] " —0.43;-0.91,-1.13 0.48 + 1.62 2.05

agrror limits: Eyjp, £0.03 V.P AE;, = EyR (2) — EyR (1), i.e., the potential difference between the first and second one-electron reductions.
¢ These potentials are for the “free” azophenélBcr refers to the charge transfer state representing: azoareR@/)porphyrirn.

the other hand, the effect due to the substitution of axial
chlorides by the azoaryloxo ligands is minimal for the porphyrin
pyrrolef3 and meso-aryl proton resonances (see Figure 2 and A
Table 1). However, in thé!P NMR spectrum, signals due to
the central phosphorus ions[¢TTP)PV(-O-L),] ™ (L = AZM,
AZT, AZB, or AZN) were seen to be shifted downfield &
—194.9 to —197.4 ppm, see Table 1) compared to that of
[(TTP)PVCI, ™ (6 = —229.4 ppm) but are within the typical
range expected for hexa-coordinated diaryloxo P(V) porphy-
rins 32:3339 Further support for the structural integrity of these
new P-A systems comes from the FAB mass spectral data (see
the Experimental Section). Mass spectrum of each of these
hydroxide salts of P(V) porphyrins showed only a low intensity
peak due to the parent [IMOH]™ ion, but peaks due to the
fragments obtained upon elimination of the hydroxide ion and 00 360 450 540 630 700
also those obtained upon successive removal of the two axial A
. . (nm)

azoarene ligands were found to be intense.

Table 2 summarizes the redox potential data {CM, 0.1 Figure 3. (A) Top curve: UV-visible spectrum of 5. & 10° M
M TBAP) of the P-A conjugates obtained by the differential  [(TTP)PY(:O-AZM)]" in CH,CN. The subsequent lower traces are

; Vi i the spectra resulting from continuous irradiation of the solution at 345
pulse voltammetric study. Except f{TTP)P*(-O-AZN),] + 5 nmfor 1, 2,5, 7, 9, 12, and 16 min, respectively (PTI 150 W

which showed three reduction peaks, each investigated porphyrinye_arc lamp model A1010, PTI model 1366-MONO monochromator).
was found to undergo two stepwise reduction reactions. Wave- The dotted curve close to the top one is the spectrum obtained after

analysis (cyclic voltammetry) suggested that most of these keeping the irradiated solution in the dark for several hours. (B)
electrode processes represent reversigié,, = 0.9-1.0) and Comparison of the plots of {ifA — Ax)/(Ar — Ax)} vs t for the

In {(A-A )(A-A )}

Absorbance

g
i
1

diffusion controlled i,/»Y/2 = constant in the scan rate)ange photochemical forward reactions (T TP)PY(—0O-AZM) ;] * (O) and
50-500 mV' %) one-electron tansierEn = 60-70 mv;  AZVMOM (W) and (C) comresponding plts for he thermal back
AEp = 65+ 3 mV for Fc"/Fc couple) reaction® On the other ' '

hand, the second and also the third reduction step&roP)- TABLE 3: UV —Visible Data @
PY(—0-AZN),]" are found to be either quasireversibg{—
Epc = 90—200 mV andipdipa = 0.2—0.7 in the scan rate (v)

Amax,nm (log €)

over the range of 106500 mV s%). Based on the redox compound Q bands B band w
potential data reported earlier for various P(V) porphyrins of [(TTP)P*(OH)z* 602 (3.94) 559 (4.19) 431(5.41)

the type [(por)P(Xj]* (where por= either a meso-tetraaryl ~ (TTPIP’(O-AZM)" 612(3.90) 567 (4.13) 436 (5.21)3536(91 (245.)77)
porphyrin or the 0Ctaethy| porphyrin and X Cl, OH, O(SI- [(TTP)P¥(-O-AZT)]* 610 (3.82) 566 (4.06) 437 (5.15) 348.(4.75)
(CHg)3), OCHs, or OR where R is an aryl grouffy*!*2and also AZT 345 (4.33)
on the basis of the diagnostic criteria developed by Fuhrhop, [(TTP)P*(-O-AZB),]* 610 (4.03) 566 (4.28) 437 (5.36) 341 (4.86)
Kadish, and Davis for porphyrin ring reducttSn(AEy, i.e., AZB 342 (4.50)

g [((TTP)PY(-O-AZN);*  610(3.98) 565(5.23) 440 (5.34) 360 (4.89)

the difference in potential between the first one-electron an 367 (4.66)

second one-electron additien 0.42 + 0.05 V; see Table 2 ) o

where AE;;, = 0.42-0.48 V), the first two reduction waves * Spectra were taken in GBI, Error limits: Amex +£1 nm; loge,
observed for the PA conjugates investigated here can be +10%.

assigned to successive, one-electron additions to the porphyrincurve), and the wavelengths of maximum absorption,j and

ring. The third reduction peak observed fi{TTP)PV(-O- the molar extinction coefficient (log) values of all of the new

AZN),]*t at—1.13 V is then a consequence of electron addition P—A conjugates and the corresponding precursor compounds

to the bound nitroaromatic axial ligands. are summarized in Table 3. As seen, each new P(V) porphyrin
Scanning the potential in the positive range-(0 8 V) for investigated here shows what is called a “normal electronic

solutions containing these porphyrins gave ill-defined voltam- absorption spectrum” with one intense Soret band (488
mograms with a large background current. However, all of the nm) and two less intense Q bands (557 and 616612 nm)
azophenols employed here for synthesis of the aryloxo P(V) in the visible regiorf? 42These bands essentially originate from
porphyrins could be irreversibly oxidized in GEN, 0.1 M ther—s* transitions involving the porphyrin macrocycéEach
TBAP. These data are summarized in Table 2. new P-A conjugate also shows a moderately intense band in
UV —visible spectrum of a representative-R conjugate the UV region (341360 nm) that is absent in the spectrum of
([(TTP)PV(—0O-AZM) 5]™") is illustrated in Figure 3A (top  [(TTP)PVY(OH),]* but is the major band in the spectra of the
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TABLE 4: Kinetic Data on the cis < trans Isomerization Reactions and Singlet and Triplet State Properties of the PA
Conjugates in CH;CN2

compound Pr—c ki—c s71(x 1079) ket s71(x 1079) Ki—o/Ke—t ot (x1079) @1¢(x107?) 7T, US (P1)°

[(TTP)PY(-O-AZM) 5] " 0.022 4.74 0.031 153 0.15 0.09 35.1(0.86)
AZM 0.12 14.04 (2.96) 3.43 (1109 4.1

[(TTP)PY(-O-AZT) ;)" 0.017 3.64 0.025 146 0.54 0.32 20.9 (0.98)
AZT 0.09 10.23 (2.8%) 1.86 (75) 5.5

[(TTP)PY(-O-AZB) )" 0.013 3.15 0.022 143 1.14 0.71 32.4(1.12)
AZB 0.20 17.12 (5.43) 1.82 (83} 9.4

[(TTP)PY(-O-AZN) " 0.016 4.37 0.024 182 3.56 2.67 29.4 (1.02)
AZN d d

2 Error limits: ¢w—c andki—c, +8%; ke +5%; ¢x', ¢:° andzr, £10%; ¢, £12%.° 71 of [(TTP)P?(OH),] " is 23.6us under the same experimental
conditions of solvent and excitation wavelength. Thevalues are reported in relation to that[FTP)P*(OH),] " (assumed to be unityy.Values
given within the parentheses refer to ratios of the rates of isomerizations for the free and the complexed azoarkneéA)/&.(P—A) for the
trans-to-cis case arki—(A)/k.—(P—A) for the cis-to-trans casey.The photochemical reaction could not be monitored in this case.

free azoarenes (see Table 3). Therefore, the origin of this band In any case, it was possible to easily evaluate the rates of
is ascribed to a transition involving the axial trans azoarene photochemical trans-to-ci&(c) and thermal cis-to-tran&d )
subunits of these bichromophoric systems. It should be noted conversions of theseA conjugates by monitoring the changes
that the UV~visible spectra of these-FA systems are es- in the absorbance values at the peak maxima of azoarene
sentially a summation of the spectra[6fFTP)PV(OH),]* and chromophores. The rates were found to follow first-order
the corresponding free azoarene precursors (1:2 molar ratio),kinetics. Representative plots of [, — Ax)/(Ar — Ax)} Vst
with the porphyrin Soret and Q bands clearly distinguishable are illustrated in Figure 3 (insets B and C) and the values of
from absorption because of the two axial azoarene moieties. ki—;, ®t—, andk.— thus obtained are summarized in Table 4.
cis—trans Isomerization. The spectroscopic and electro- Several interesting observations can be made from an analysis
chemical features of the newA conjugates described above of the data given in this Table.
suggest that the electronic communication between the porphyrin (i) Both k.. and ®;_. values for the porphyrin-bound
and the azoarene chromophores is quite negligible. More azoarene ligands are an order of magnitude lower than the
importantly, the UV-visible data suggest that it is possible to corresponding values for the precursor free azophenols. A
individually address photochemistry of the porphyrin and the comparison of the plots shown in Figure 3B faZM(OH)
azoarene subunits in these bichromophoric systems. Accord-and [(TTP)PV(-O-AZM) ;] " is illustrative in this regard. It
ingly, continuous irradiation of each of these-R conjugates should be noted here that the slower rates and the lower quantum
(5.9 x 107> M, CH3CN) at 3454+ 5 nm resulted in a time-  yields observed for the trans-to-cis isomerization of theAP

dependent decrease of their absorption band centere8%Q conjugates are not due to the competitive absorption due to the
nm concomitant with a slight increase of absorption in the porphyrin chromophore because absorption due to the porphyrin
B-band region as illustrated in Figure 3A fTTP)PV(-O- part of these conjugates does not exceed ca. 10% at 345 nm. In

AZM) ;]*. There was no noticeable absorption change in the addition, rates of the thermal cis-to-trans isomerization reactions
Q-band region of the spectrum suggesting that the porphyrin of the P-A conjugates are also lower than those of the
chromophore is photochemically inactive under these experi- corresponding free azoarene precursors (see Figure 3C). We thus
mental conditions of solvent and excitation wavelength. Increaserationalize that slower rates and lower quantum yields of the
of absorption in the B-band region can thus be attributed to isomerization reactions observed here for theARconjugates
absorption by the cis form of the azoarene moféfjhe reverse are due to the enlargement of the rotor volume for the motion
thermal reaction was also spectrally monitored, and the initial of isomerization that is a consequence of binding of these
spectrum in each case could be recovered quantitatively (Figureazoarenes to large porphyrin molectlé similar interpretation
3A). These observations clearly suggest the occurrence ofhas been made for the azoarene interspersed bisterpyridine
reversible cis-trans isomerization of the porphyrin-bound complexes of rhodium(lll) mentioned above, for which the rates
azoarene subunits in this class of R conjugates. of isomerization were found to be slower than the corresponding
It is of interest to know the percentage of trans-to-cis “uncomplexed” azoarené§.
isomerization, but the presence of strongly absorbing Soret band (ii) As such, the value ok is lower than thek._. for each
in the region where the cis form absorbs (4GB0 nm) azoarene irrespective of whether it is bound at the phosphorus-
precluded us from evaluating this parameter. In addition, the (V) center or is in its free form. This observation is consistent
IH NMR spectra recorded immediately after 30 min irradiation with the fact that the thermal reverse isomerizations are
of these P-A conjugates (samples were kept-a# °C until invariably slow compared to the photochemical trans-to-cis
the measurements were made upon attainment of the PSE statejonversions for various azoarene compouftddn the other
did not show separate peaks for the cis form. However, the peakshand, photochemical cis-to-trans isomerizations are known to
due to various protons on the two axial azoarene subunits werebe fast?> but prolonged irradiation of the cis forms of these
found to be slightly broader for the irradiated samples compared P—A conjugates in the 406430 nm region did not result in
to the corresponding protons of the starting trans compd®ind. the expected conversion because of the competing absorption
This situation is unlike the one reported for the azobenzene by the strongly absorbing porphyrin chromophore.
interspersed bis-rhodium complexX@syhereH NMR peaks (iii) Although the value ofk.—; is lower thank;_. for each
of both the cis and trans forms have been clearly discernible in azoarene irrespective of whether it is bound at the phosphrus-
the PSE state. It is possible that intrinsic differences between (V) center or not, it is observed that the raties /k.—: for the
the proton resonances of the cis and trans forms of the axially bound forms are higher (143.82) than the corresponding
bound azoarene ligands in our-R conjugates are offset by  values for the free forms (4-19.4), Table 4. A more detailed
the strong ring current effect exerted by the basal porphyrin analysis reveals that ratios of the rates of cis-to-trans isomer-
macrocycle. izations for the free (A) and complexed-R) azoarenes (i.e.,
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Figure 4. Comparison of the fluorescence spectra of equiabsorbing
solutions (O. D= 0.12, CHCN, Aexc = 565 nm) of the “trans forms”

of [(TTP)PV(-O-AZM) 3]* (1), [(TTP)PV(-O-AZT) 2" (2), [(TTP)PV-
(-O-AZB),]" (3), and[(TTP)PV(-O-AZN),]* (4) with that of [(TTP)-
PY(OH),]* (5) Inset: Fluorescence spectra of “cis and trans forms” of
5.9 x 105 M [(TTP)PY(-O-AZT) ;]* in CH3CN: (—) unirradiated
“trans form”, ¢ - - -), “cis form” obtained upon irradiating the above
solution for 30 min at 345+ 5 nm and (...) “trans form” recovered
from the back thermal reaction of the “cis form” of the compléxc

= 565 nm in each case.

ke—i(A)/ ke—(P—A)) are higher (75-110) than the corresponding
ratios for the trans-to-cis isomerizations (i.&.,c(A)/ki—c(P—

A), which are< 6), Table 4. This fact can also be understood
by comparing slopes of the kinetic curves in Figure 3, parts B
(k—c(A) ki—c(P—A)) and C k.—i(A)/ ke—(P—A)). Clearly, linking
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TABLE 5: Fluorescence Data in Various Solvent3

Aem,NM %Q
compound toluene Ci€l, CH:CN DMF
[(TTP)PY(OH) " 619,669 622,674 622,671 623,672
[(TTP)PY(-O-AZM) ;]* 631,680 630,681 631,679 629,677
94 94 97 98
[(TTP)PY(-O-AZT),]* 634,681 631,680 631,680 628,675
91 94 88 93
[(TTP)PY(-O-AZB),]* 631,675 630,682 630,680 633,674
79 73 75 80
[(TTP)PY(-O-AZN),]* 634,679 630,679 630,682 633,679
26 -13 21 29

aError limits: Aem £2 Nm; Q, +10%.

Thermal back reaction regenerated the fluorescence intensity
of the trans form in each case and this fact is illustrated in Figure
4 (inset) for[(TTP)PY(-O-AZT) 5] *. This photochemical/thermal
trans<> cis interconversion was repeatee B0 times with less
than 5% loss of the material (UWisible and fluorescence)
establishing that the PA conjugates investigated here are
effective and stable photoswitches.

What is the origin of weak fluorescence observed for these
P—A conjugates and what is the mechanism of their photo-
switching function? A variety of excited-state processes includ-
ing excitation energy transfer (EET), photochemical dissociation
of the azoarene ligands, enhanced internal conversion and
intersystem crossing, ion-association, photoinduced electron
transfer (PET), etc. can be thought of to be operative in the
guenching of fluorescence observed for these azoarene appended
P(V) porphyrins. Obviously, it is not going to be easy to estimate
the contribution from each of these excited-state processes.

the azoarene to the porphyrin seems to affect the thermal backHowever, the following observations can be made in this regard.

reaction more than it does affect the photochemical forward

(i) The singlet state energy of the “porphyrin part” of each

reaction. The reason for this variation is unclear at the present,P—A conjugate (2.04t 0.1 eV) lies lower than that of the

but it should be noted that activation mechanisms for the cis-

aromatic axial ligands (ca&: 3.0 V). Moreover, excitation spectra

to-trans (thermal) and trans-to-cis (photochemical) reactions areof none of these PA conjugates (emission collected at 600/

different.

650 nm, porphyrin fluorescence bands) showed absorption

(iv) There seems to be no apparent relationship between thecorresponding to the azoarene chromophore. Thus, fluorescence
rates of photochemical/thermal isomerization reactions and thequenching observed here for theseA°conjugates is not due
electron donating/withdrawing nature of the substituent located to energy transfer between the azoarene and porphyrin subunits.

at the para position of the axial azoarene moieties of th& P
conjugates?®

(i) Neither was the fluorescence [R?(TTP)(OH),]* found
to be quenched upon addition of free azoareAZ8/(OH) ,

Thus, the kinetic data presented above clearly suggest thatAZT(OH) , AZB(OH), andAZN(OH) nor was there any rate
the cis< trans isomerization reactions of the-R conjugates enhancement for the thermal back reactions of theAP
investigated here occur smoothly and reversibly. With this conjugates in the presence of externally added free azoarenes
information in hand, we set out to explore the photoswitching (upto ca. 6 equivalents, mol/mol). These observations indicate
function of these conjugates, the results of which are describedthat there is no photochemical disscociation of azoarene ligands

in the next section.
Photoswitching Function.Excitation of each P A conjugate

from our P-A conjugates, under the experimental conditions
employed during this study.

at 345 nm resulted in no fluorescence emanating from the trans (iii) The triplet quantum yields and also the corresponding

form of the two axial azo chromophores in gEN solutions,
as is the case with the precursor fie@ns-azoarenes. On the

lifetimes of these P-A conjugates are found to be not only quite
similar to each other but also close to thos¢R{TTP)(OH) ] "

other hand, the porphyrin component of each complex showed (see Table 4). Thus, the diminution in the fluorescence quantum

a fluorescence spectrunefc = 465/565 nm) that is typical of

yields of the P-A conjugates is not a consequence of enhanced

a hexa-coordinated P(V) porphyrin with the singlet state energy intersystem crossing.

(Eo-0) being close to (2.04: 0.1 eV) that of [(TTP)PV-
(OH),]*.3244Although fluorescence quantum yields of the trans
forms @) of [(TTP)PV(-O-AZM) J]*, [(TTP)PV(-O-AZT) 5],
and [(TTP)PVY(-O-AZB),]* are found to be less than that of
the reference compour(MTP)PY(OH),]" (@ = 0.045), ()

of [(TTP)PV(-O-AZN),] " is close to that of( TTP)PVY(OH),]™
within the experimental error (see, Figure 4 and Table 4).
Interestingly, fluorescence intensities due to the cis forg (

of these four P-A conjugates also followed a similar trend but
are all lower than the values of the corresponding trans f8?ms.

(iv) Fluorescence spectra of the “trans forms” of theA®
conjugates have been measured in four different solvents, and
the emission maxima as well as the %Q values (equn. 2) are
given in Table 5.

%Q = {[¢r prreyoryz+ ~ Prp_all PTTPYOH)2F X 1(8)

An inspection of the data summarized in Table 5 reveals that
the general dependence of %Q values on the electron donating/
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withdrawing ability of the axial ligand and also on the solvent Q

polarity cannot be rationalized solely on the basis of differences = C§=©
in the rates of internal conversion and intersystem crossing d )
reactions of the azoarene appended porphyrins among them- [ hv @
selves and also in relation to the dichloro/dihydroxy analogue. T

Therefore, contribution of these nonradiative processes to theF_ 5. Photoswitching function induced by th bledi

overall decrease in the quantum yield values is considered tois'g;r:riz'atior? c(’)sfwt'hce 'Eiglnca'zoga:rnenfechrgmgprhe(‘)’g:' - thm;&sp

be the minimum for the PA conjugates investigated here. lon conjugates investigated in this study.

association is another phenomenon that is imminent in these

positively charged PA conjugates, and the extent of this ¢ j5 pertinent to compare here the photoswitching abilities
process is expected to be dependent on the solvent propertieg ihe previously reported porphyrirazobenzene systems with
and also on the structure of the fluorophore. Currently, there ot of the P-A conjugates investigated in the present study.
exists no direct or indirect evidence/s to show the cor- gy dies on the covalently connected azobenzguephyrin
respondence between the trends observed forthevalues  onjiygates reported by Hunter and Sarson revealed that pho-

and the extent of ion association in these complexes, as is thetochemistry of the porphyrin components of these novel
case with the previously reported positively charged aryloxo cpromophoric assemblies is essentially unaltered, but the

P(V) porphyrins® _ . photochemical isomerization of their azobenzene components
On the other hand, an intramolecular PET from the axial ¢qy14 not be detectedt. Similarly, electro-switch and proton-
azobenzene donors to _the singlet excited state of the basal,yitch properties of an supramolecular ensemble comprising

phosphorus(V) porphyrin seems to be the most probable o¢ [Tpp)zn!'] andaxially ligated 4-(phenylazo)pyridine have
pathway for the quenching of fluorescence inthese axial-bonding been reported, but the effect of eians isomerization on the
type complexes. As described below, this interpretation is | minescence properties of this system was not obséfv@d.
consistent with (i) exoergicity for such a PET reaction, (ii) the other hand, fluorescence properties of the early azobenzene

variation of the fluorescence intensity with the solvent polarity, porphyrin systems reported by several groups were not inves-
and (iii) a similar interpretation made earlier for analogous axial tigated in detail®18 AlthoughWhile this work was in progress,

bonding type P(V) porphyrin&
The free energy changes for the photoinduced electron-
transfer reactionsXGper) from the axial azoarenes to the singlet

photoswitching features of an azobenzene-linked diporphyrin
complex have been describEdHowever, because of the
extensive absorption by the two dissimilar porphyrin chro-

states of the basal porphyrin subunits are calculated using eq ?mophores in the UVAvisible region, spectral detection of the

AGpgr=Ecr — By 3

where Ect refers to the charge transfer state representing the

azoarene'—P(V)porphyrim* andEy—q is energy of the singlet
state of the porphyrin. ThEct (Table 2) andEo— (2.04+ 0.1

eV) values are evaluated from the electrochemical and absorp-

tion/fluorescence spectral data of these-AP conjugates,
respectively. Th\Gpervalues thus calculated are negative for
[(TTP)PV(-O-AZM) 5]t (—0.38 eV), [(TTP)PV(-O-AZT) 5] *
(—0.12 eV), and(TTP)PV(—0-AZB),] " (—0.09 eV), the cases

in which the fluorescence quenching has been obséfvad.
similar PET based mechanism has been proposed earlier fo
the fluorescence quenching (in relation[(@TP)PY(OH),] ™)
observed for a series of bis(aryloxo) phosphorus(V) porphyrins
reported by u¥ and for the “wheel-and-axle” type phosphorus-
(V) porphyrins reported by Shimidzu and co-worketsn
addition, consistent with this analysis is the fact th&pgr is
positive ¢-0.01 eV) for [(TTP)PV(-O-AZN),]™ which is
endowed with the electron withdrawing nitro group at the axial
azobenzene ligands and whaggis close to that of(TTP)-
PVY(OH),]*. Finally, the observed general decrease of ke

values (or the increase in the %Q values, see Table 5) with the

exothermicity of the reaction and also with increasing polarity
of the solvent are both consistent with the participation of a

r

cis—trans isomerization in this system was not as facile as
demonstrated here for our#A compounds.

In conclusion, the PA conjugates reported here fulfill the
key criteria that are desirable in an azobenzene-based, red-
sensitive photochromic material: (i) These compounds are easily
synthesizable and stable molecular species, (ii) they exhibit
distinct absorption spectral properties such that the photochemi-
cal/photophysical properties of the azoarene and porphyrin
chromophores can be individually addressed, (iii) the photo-
chemical trans-to-cis and thermal cis-to-trans isomerization
reactions of their axial azoarene chromophores are facile and
reversible processes, and (iv) their photoswitching function,
which is stable over many photochemical/thermal cycles, can
be easily sensed by the luminescence method illustrating the
utility of this class of molecules in potential applications.

Acknowledgment. Financial assistance received for this
work from the CSIR (New Delhi) and BRNS (Mumbai, India)
is gratefully acknowledged. We thank NCUFP (Chennai, India)
and Dr. P. Ramamurthy for the triplet state data.

References and Notes

(1) Molecular Switches Feringa, B. L., Ed.; Wiley-VCH Verlag
GmbH: Weinheim: Germany, 2001.
(2) Special issue on Photochromism: Memories and SwitdDlesm.

charge transfer state in the excited-state deactivation for theseRev. 2000 1683.

compounds?
Thus, accepting that a PET is occurring between the axial
ligand and the singlet porphyrin in these doracceptor

complexes, the photoswitching function demonstrated here can
be rationalized in terms of the distance dependence of PET

which is well documented in the literatut®As schematically

(3) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J.Ahgew. Chem.,
Int. Ed.200Q 39, 3348.

(4) Belser, P.; Bernhard, S.; Blum, C.; Beyeler, A.; de Cola, L.; Balzani,
V. Coord. Chem. Re 1999 190, 155.

(5) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley,
A. J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, T.Ghem. Soc. Re
1997 26, 1515.

(6) Yam, V. W.-W.; Lau, V. C.-Y.; Wu, L.-XJ. Chem. Soc., Dalton

represented in Figure 5, the distance between the basal porphyrirfrans 1998 1461.

and the axial ligand in the “cis form” is shorter than that in the
“trans form” explaining the additional fluorescence quenching
observed for the former isomet.

(7) Archit, A.; Vogtle, F.; de Cola, L.; Azzellini, G. C.; Balzani, V.;
Ramanujan, P. S.; Berg. R. i€hem. Eur. J1998 4, 699.

(8) Kurosawa, M.; Nankawa, T.; Matsuda, T.; Kubo, K.; Kurihara, M.;
Nishihara, H.Inorg. Chem 1999 38, 5113.



Phosphorus(V) PorphyrinAzoarene Conjugates

(9) Kurihara, M.; Matsuda, T.; Hirooka, A.; Yukata, T.; Nishihara, H.
J. Am. Chem. So00Q 122, 12373.

(10) Yukata, T.; Kurihara, M.; Kubo, K.; Nishihara, Hhorg. Chem
2000Q 39, 3438.

(11) Kume, S.; Kurihara, M.; Nishihara, Chem. Commun. (Cam-
bridge) 2001, 1656.

(12) Yukata, T.; Mori, |.; Kurihara, M.; Mizutani, J.; Kubo, K.; Furusho,
S.; Matsumura, K.; Tamai, N.; Nishihara, khorg. Chem2001, 40, 4986
and references therein.

(13) Tsuchiya, SJ. Am. Chem. Sod 999 121, 48.

(14) Hunter, C. A.; Sarson, L. Dletrahedron Lett1996 37, 699.

(15) Otsuki, J.; Harada, K.; Araki, KChem. Lett1999 269.

(16) Autret, M.; le Plouzennec, M.; Moinet, C.; Simmonneaux{C8em.
Commun1994 1169.

(17) Hombrecher, H. K.; Ludtke, KTetrahedron1993 49, 9489.

(18) Neumann, K. H.; Vogtle, FChem. Commun. (Cambridg&p88
520.

(19) Reddy, D. R.; Maiya, B. GChem. Commun. (Cambridg2p01,
117.

(20) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
laboratory ChemicalsPergamon: Oxford, 1986.

(21) Fuhrhop, J-H.; Smith, K. M. InPorphyrins and Metalloporphy-
rins; Smith, K. M., Ed.; Elsevier: Amsterdam, 1975; p 769.

(22) Barbour, T.; Belcher, W. J.; Brothers, P. J.; Rickard, C. E. F.; Ware,
D. C.Inorg. Chem 1992 31, 746.

(23) Vogel's Text Book of Practical Organic Chemistffigevised by
Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A. R.), 5th ed.;
Longmann (ELBS): Essex, U.K., 1991.

(24) Ambroise, A.; Maiya, B. Glnorg. Chem.200Q 39, 4256.

(25) Ambroise, A.; Maiya, B. Glnorg. Chem.200Q 39, 4264.

(26) Hariprasad, G.; Dahal, S.; Maiya, B. &5.Chem. Soc., Dalton Trans.
1996 3429.

(27) Harriman, A.; Davila, JTetrahedron1989 45, 4737.

(28) Lackowicz, J. RPrinciples of Fluorescence Spectroscppite-
num: New York, 1983.

(29) Jayanthi, S. S.; Ramamurthy, Phys. Chem. Chem. Phyk999
4751.

(30) Bortolus, P.; Monti, SJ. Phys. Chem1979 83, 648.

(31) Hatchard, C. G.; Parker, C. Rroc. R. Soc. Londot956 A235
518.

(32) Rao, T. A.; Maiya, B. Glnorg. Chem 1996 35, 4829.

(33) Rao, T. A.; Maiya, B. GChem. Commuri995 939.

(34) Giribabu, L.; Rao, T. A.; Maiya, B. Ginorg. Chem 1999 38,
4971.

(35) Kumar, A. A.; Giribabu, L.; Reddy, D. R.; Maiya, B. Gnorg.
Chem 2001, 40, 6757.

(36) Giribabu, L.; Kumar, A. A.; Neeraja, V.; Maiya, B. G\ngew.
Chem., Int. EJ2001, 40, 3621.

(37) Susumu, K.; Segawa, H.; Shimidzu,Ghem. Lett1995 929.

(38) Abraham, R. J.; Bedford, G. R.; McNeillie, D.; Wright, Brg.
Magn. Reson198Q 14, 418.

(39) Multinuclear NMR Mason, J., Ed.; Plenum Press: New York, 1987;
p 369.

J. Phys. Chem. A, Vol. 107, No. 32, 2008333

(40) Nicholson, R. S.; Shain, Anal. Chem 1964 36, 706.

(41) Marrese, C. A.; Carrano, C. lhorg. Chem 1984 23, 3961.

(42) Liu, Y. H.; Benassy, M.-F.; Chojnacki, S.; D'Souza, F.; Barbour,
T.; Blecher, J. W.; Brothers, P. J.; Kadish, K. Morg. Chem 1994 33,
4480.

(43) Fuhrhop, J. H.; Kadish, K. M.; Davis, D. @. Am. Chem. Soc
1973 95, 5140.

(44) Sayer, P.; Gouterman, M.; Connell, C.&c. Chem. Red982
15, 73.

(45) Rau, H. InPhotochromism: Molecules and Systemsrr, H. B.,
Laurrent, H., Eds.; Elsevier: Amsterdam, 1990; pp 692.

(46) Broadening of peaks was found to be more for the resonances due
to protons on the “remote” aryl ring than it is for those present on the ring
directly attached to the P(V) ion.

(47) This analysis intrinsically assumes that the isomerization proceeds
via a rotational (around thesdN bond) mechanism for which contributions
from the substituent-induced dipolar structures are known to lower the barrier
(see, for example, Wildes, P. D.; Pacifici, J. G.; Irick, G., Jr.; Whitten, D.
G. J. Phys. Chenil971 93, 2004). Within the limited set of data available
in hand, plots ofki—¢ (¢1—¢) or k — of the P-A conjugates vs Hammet
coefficients of their para substituents were constructed and were found to
be not strictly linear. On the other hand, low activation barriers are known
to be generally compatible with an inversion mechanism (see ref: Sueyoshi,
T.; Nishimura, N.; Yamamoto, S.; HasegawaChem. Lett1974 1131).

The activation energies measured for the thermal back reactiof{3 1d?)-
PY(-O-AZM) 3], [(TTP)PV(-O-AZT) 4 *, [(TTP)PY(-O-AZB) | *, and[(TTP)-
PY(-O-AZN)]* are 15.20, 10.57, 12.91, and 13.92 kcal ma-12%),
respectively, but are found to be all higher than the activation barriers for
the corresponding free azophenols-{Bkcal mol?). Clearly, more studies
involving various para-substituted azoarenes are needed to ascertain the
exact mechanism of isomerization of these/APconjugates.

(48) On the other hand, substituents present at the')2a(@l 6 (6)
positions of azoarenes can, in principle, cause steric crowding around the
interconverting azo group and hence are known to affect the isomerization
rates (see, for example, Gegiou, D.; Muszkat, K. A.; Fischer).EAm.
Chem. Soc1968 90, 3907).

(49) Fluorescence spectra were measured immediately upon attainment
of the PSE state.

(50) It should be noted here that th&per values vary in an order that
is consistent with the electron donating ability of tHesdbstituent on the
axial azoarene subunit.

(51) Susumu, K.; Kunimoto, K.; Segawa, H.; Shimidzu, JI.Phys.
Chem.1995 99, 29.

(52) Suppan, PChimica1988 42, 320.

(53) Wasielewski, M. R. IPhotoinduced Electron TransfeFox, M.

A., Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Part A, pp-1.

(54) The values of/¢f are quite similar fof(TTP)PY(-O-AZM) 5] *,
[(TTP)PY(-O-AZT) 5], and[(TTP)P¥(-O-AZB)]* (0.60+ 0.2; i.e., nearly
40% quenching in each case) suggesting that the change in-tAelBtance
while going from the trans to the cis form is quite similar for each of these
conjugates.



