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Abstract

Ž ).The deactivation of the S p,p excited state of nickel tetraphenylporphine has been investigated using various1

transient grating techniques. By measuring the density changes of the sample occurring during this process, the excited state,
that is responsible for the ground state recovery time of 250 ps, was determined to lie 1.18"0.13 eV above the ground state.

1Ž .This value suggests that this state is the d,d state. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The crucial role played by porphyrins in many important biological processes has stimulated intensive
Ž w x.chemical and photochemical investigations see, e.g., Ref. 1 . The photophysical properties of metallo-

porphyrins depend strongly on the nature of the metal in the core. When this metal is a closed-shell metal ion,
the absorption and emission spectra of the porphyrins is almost fully determined by the p electrons of the

w xporphyrin ring. These metallo-porphyrins, which are often termed regular porphyrins, exhibit fluorescence 1 .
The presence of open-shell metal ions in the porphyrin core can lead to additional transitions which can be

Ž . Ž ) . Ž .metal centred, metal to porphyrin or porphyrin to metal transitions. The presence of d,d , d,p and p,d
Ž ) .excited states resulting from these transitions below the p,p states of the porphyrin ring can offer an

w xefficient pathway for the non-radiative deactivation from these porphyrin excited states 2 . This can result to a
Ž .total suppression of the fluorescence. Ni II -porphyrins are such radiationless porphyrins, which have been very

w x Ž . 8intensively investigated 3–7 . Ni II -porphyrins have d configuration, with six electrons filling the d , dx y x z

and d orbitals. In the four-coordinated state, the two remaining electrons occupy the d 2 orbital. The lowesty z z

excited state of this molecule is due to a transition of an electron from the d 2 orbital to the empty d 2 2z x yy
1Ž . 3Ž .orbital. The energy of this d,d excited state and that of the corresponding triplet state d,d are not known, as

Ž . w xno band to due the d,d transition can be observed in the absorption spectrum 2 . Indeed, the first absorption
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Ž .band of Ni II -porphyrins is the Q-band of the porphyrin ring, with a maximum between 520 and 550 nm. The
Ž ) .resulting excited state is often labelled S p,p state.1

Ultrafast measurements have revealed that ground state recovery after excitation in the Q band of
Ž . Ž .Ni II -tetraphenylporphine NiTPP takes place with a time constant of about 250 ps. A transient absorption

1Ž .band with this lifetime has been measured by several groups and has been ascribed to the d,d state by
w x 3Ž . w xKobayashi et al. 3 while Chirvonyi et al. as well as Kim et al. have assigned it to the d,d state 4,8 .

In this Letter, we report on a determination of the energy of the 250 ps transient of NiTPP using the ps
w x w xtransient density phase grating method 9,10 . In a transient grating experiment 11,12 , excitation is achieved by

two laser pump pulses brought into interference in the sample. This results into a spatially modulated excitation
intensity and thus to grating-like distributions of ground and excited state populations. Consequently, optical
properties, like absorbance and refractive index are also spatially modulated. Any heat releasing process taking
place from the excited state, like an internal conversion or an exothermic reaction, leads to a spatial distribution
of temperature, which is accompanied by a spatial modulation of the density, hence of the refractive index. The
amplitudes of these absorbance and refractive index modulations, called amplitude and phase gratings,
respectively, can be probed by a third pulse, the probe pulse, striking the gratings at Bragg angle, u . TheB

intensity of the diffracted pulse, the signal, is related to the peak to null variation of the refractive index, Dn,
w xand of the attenuation index, D K , as 13 :

I A ln 10 p ldif 22(exp y D K q Dn qDn , 1Ž .Ž .p p dž / ž /I 2 cos u l cos upr B pr B

where I and I are the intensity of the signal and probe pulse, respectively, l is the sample thickness, Dndif pr p

and Dn are the variations of the refractive index related to population and density changes, respectively, D Kd p

is the variation of the attenuation index due to the modulation of the populations, and A is the average
absorbance of the sample at the probe wavelength, the relationship between the absorbance and the attenuation
index being KsA ln 10l r4p l. The variation of the attenuation index due to density change, D K , can bepr d

neglected.
While other photo-thermal methods, like the thermal lens technique and the photoacoustic spectroscopy are

w xlimited to processes longer than about 100 and 10 ns, respectively 14 , the density phase grating technique can
w xresolve heat releasing processes taking place in less than 100 ps 15 .

2. Experimental

2.1. Apparatus

The optical arrangement for the transient density phase grating measurements is depicted in Fig. 1. The
Žsecond harmonic at 532 nm of a passiveractive mode-locked and Q-switched Nd:YAG laser Continuum

.PY61-10 was split into three parts with relative intensities of 10:10:1. The two most intense pulses were
crossed in the sample using a nearly counter-propagating geometry. In this case, the fringe spacing, L, is given
by:

lpu
Ls , 2Ž .1r22 22 n ycos ur2Ž .

where l is the pump wavelength, n is the refractive index of the sample and u is the crossing angle of thepu

pump pulses.
For probing, the weakest pulse was sent along a variable optical delay line before striking the grating at

Bragg angle. The intensity of the diffracted pulse was measured with a vacuum photodiode. At each position of
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Fig. 1. Laser beam geometry for the density phase grating measurements.

the delay line, the diffracted intensity was averaged over 10 laser pulses. For each measurement, the delay line
was scanned 20 times. Each measurement was repeated three times. The total pump intensity on the sample was
about 500 mJrcm2. At this regime, the shape of the signal time profile was independent of the intensity.

The temporal width of the laser pulse was 25 ps, as determined from the time profile of the diffracted
intensity measured in neat CS with focused beams. In this case, the polarisations of the pump pulses were2

w xperpendicular to each other, in order to avoid the formation of a phase grating through electrostriction 16 .
The experimental setup for recording transient grating spectra has been described in details elsewhere

w x17,18 . Excitation was performed at 355 nm and a white light continuum generated by self phase modulation in
Ž .a 60:40 vrv D OrH O mixture was used for probing.2 2

2.2. Samples

Ž . Ž .Ni II -tetraphenylporphine NiTPP was prepared from the free-base tetraphenylporphine and was subse-
Ž . Ž . Ž .quently purified by column chromatography. Toluene TOL , tetrahydrofuran THF , dichloromethane DCM

Ž .and 1,2-dichloroethane DCE were of spectroscopic grade and were used without further purification. The
absorbance of the sample solution at the excitation wavelength was around 0.15 over 1 mm, the sample
thickness. During the experiments, the sample solutions were continuously stirred by N bubbling. No sample2

degradation was observed after the measurements. All experiments were performed at 20"18C.

3. Results and discussion

Fig. 2 shows the time profiles of the diffracted intensity at 532 nm measured with solutions of NiTPP in four
different solvents. For these measurements, the crossing angle between the pump pulses was around 1508 in air
and about 1608 in the sample. These time profiles look substantially different although the samples differ

w xthrough the solvent only. The continuous line is the best fit of the following expression to the data 19,20 :

q` 2X XI t sC I ty t Dn t d t , 3Ž . Ž . Ž . Ž .˜Hdif pr
y`
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Ž . Ž .Fig. 2. Time profiles of the diffracted intensity measured at 532 nm upon excitation at 532 nm of solutions of NiTPP in A DCE, B DCM,
Ž . Ž . Ž .C THF and D TOL. The continuous line is the best fit of Eq. 3 .

Ž .where C is a constant, I t is the time profile of the probe intensity and Dn is the modulation amplitude of the˜pr

complex refractive index. The latter can be expressed as a sum of real and imaginary components:

Dn t sDn t qDn t q iD K t . 4Ž . Ž . Ž . Ž . Ž .˜ d p p
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Ž .In the data shown in Fig. 2, the diffracted intensity has two origins: 1 the population grating that contributes
Ž .through both attenuation and refractive index changes, D K and Dn , respectively, and 2 the density gratingp p

that contributes through refractive index changes, Dn , the absorbance changes due to density variations, D K ,d d

being negligible.

3.1. Contribution of population gratings

The variation of the attenuation index in the 450–650 nm region has been measured by transient absorption
spectroscopy and is shown in Fig. 3A. This transient spectrum is similar to that reported in the literature and

Ž . w xconsists of a dispersive like band which has been ascribed to the absorption of the d,d excited state 3–5,21 .
Fig. 3C shows the transient grating spectrum due to population changes 60 ps after excitation at 355 nm. In
order to avoid the contribution of the density grating, the crossing angle of the pump pulses was 0.38. With this

w xgeometry the density grating is only formed after several ns. As explained in detail in Ref. 17 , such a transient
2Ž .grating spectrum contains the square of the transient absorption spectrum, D K l , plus the square of thep pr

2Ž .transient dispersion spectrum, Dn l . Fig. 3A also shows the transient dispersion spectrum calculated byp pr

Kramers–Kronig transformation of the transient absorption spectrum. These two spectra were then used to
Ž . Žcalculate a transient grating spectrum see Fig. 3B which is in good agreement with the measured one see Fig.

.3C .
The time dependence of the population gratings has been measured using the same setup as for the data

shown in Fig. 2 but using the crossed grating geometry, i.e., the polarisations of the pump pulses were
perpendicular to each other as were the polarisation of the signal with respect to that of the probe pulse. In this
case, the diffracted intensity, I cros, is proportional to the square of the linear dichroism and birefringence of thedif

sample, which can decay by both population relaxation, with a rate constant k , and rotational reorientation ofpop
w xthe molecules with a rate constant k 22 :rot

cros crosI t s I 0 exp y2 k qk t . 5Ž . Ž . Ž .Ž .dif dif pop rot

In order to eliminate the latter process from the decay of the diffracted intensity, the measurements were
Ž . crosperformed in castor oil, a highly viscous solvent hs6–8 P . The observed decay of I is indeeddif
Ž . 9 y1 Ž .monoexponential resulting in a rate constant k of 4.0"0.2 =10 s see Fig. 3D . The initial spike ispop

partially due to optical Kerr effect of the solvent. The maximum polarisation anisotropy for a molecule like
crosŽ .NiTPP with two perpendicular transition dipoles amount to 0.1. This implies that I 0 is 16 times weakerdif

w xthan the initial diffracted intensity measured with parallel polarisation 22 . Therefore, these crossed grating
measurement requires a higher pump intensity. A similar decay time was obtained in THF using the time
dependence of the transient grating spectrum shown in Fig. 3B. Moreover, the same value has been measured in

w x Ž .benzene and toluene 6 . Thus, the decay of the d,d state to the ground state can be considered to be
independent of the solvent.

Consequently, the time dependence of D K and Dn can be expressed as:p p

t X X X
Dn t sA exp yk ty t I t d t , 6aŽ . Ž . Ž . Ž .Ž .Hp np pop pu

y`

t X X X
D K t sA exp yk ty t I t d t , 6bŽ . Ž . Ž . Ž .Ž .Hp K p pop pu

y`

Ž .where A and A are two amplitude factors and I t is the time profile of the pump intensity.np K p pu

Fig. 3C shows that the contribution of the population grating to the diffracted intensity could be eliminated or
at least strongly minimised by probing above 600 nm. However, considering the fringe spacing of the gratings
formed with the setup shown in Fig. 1, Bragg diffraction is no longer possible for a probe wavelength longer
than about 545 nm. Bragg diffraction at 600 nm would require a larger fringe spacing, that would lead to an
unwanted decrease of the time resolution of the density phase grating experiment.
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Ž .Fig. 3. A Transient absorption spectrum measured 60 ps after excitation at 355 nm and corresponding dispersion spectrum calculated by
Ž .Kramers–Kronig transformation of the absorption spectrum. B Transient grating spectrum calculated from the measured absorption

Ž .spectrum and the calculated dispersion spectrum. C Transient grating spectrum measured 60 ps after excitation at 355 nm together with the
Ž . Ž .calculated one. The vertical line corresponds to 532 nm, the pump and probe wavelength. D Time profile of the diffracted intensity at

Ž .532 nm measured using the crossed grating geometry and best single exponential fit continuous line .

3.2. Contribution of the density grating

The solvent dependence of the shape of the time profiles shown in Fig. 2 is thus due to the contribution of
the density grating. The formation of this density grating occurs in two different time scales as shown in
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Ž . Ž .Fig. 4. A Electronic states involved in the ground state recovery of NiTPP after excitation at 532 nm. B Time profiles of the diffracted
Ž . Ž .intensity due to the phase grating generated by the slow Dn and fast Dn heat releases as well as to the population gratingsds df

Ž . Ž .Dn qD K , calculated using the parameters obtained from the analysis of NiTPP in DCE see Fig. 2A .p p

Fig. 4A. In the fastest one, the heat release is due to the dissipation of the excess excitation energy and to the
Ž . w xformation of the d,d state which has been reported to take place in less than 1 ps 6 . Non-radiative transition

Ž . y1from the d,d state to the ground state results in a slower heat release with a rate constant of 4 ns . Therefore,
the time dependence of Dn is given by:d

t X X
Dn t s A F ty t I t d t , 7Ž . Ž . Ž . Ž .Ý Hd d i i pu

y`isf,s



( )P. Brodard, E. VautheyrChemical Physics Letters 309 1999 198–208 205

w xwhere A and A are amplitude factors 23 :df ds

A A X Q yDV , 8aŽ . Ž .df s f

A A X Q qDV , 8bŽ . Ž .ds s s

with

X sbrrC ,s Õ

and where Q and Q are the amount of heat released in the fast and slow processes, respectively, b is thef s

coefficient of thermal expansion of the solvent with a density r and a heat capacity C . DV is the volumeÕ

Ž .difference between NiTPP in the d,d state and in the ground state. This volume also comprises the solvation
layer.

Ž .Finally, F t is a shape function, which depends on the speed of sound in the sample, Õ , on the acoustici s

frequency, v , on the acoustic attenuation constant, a , on the rate constant of thermal diffusion, k , and onac ac td
w xthe rate constant of the heat releasing process, k 15 :i

k vy1 sin v t exp ya Õ t ycos v t exp ya Õ t qexp yk tŽ . Ž . Ž . Ž . Ž .th ac ac ac s ac ac s td
F si 2 2k qvtd ac

k vy1 sin v t exp ya Õ t ycos v t exp ya Õ t qexp yk tŽ . Ž . Ž . Ž . Ž .i ac ac ac s ac ac s i
y . 9Ž .2 2k qvi ac

For example, the fast oscillation in the data of Fig. 2 is due to processes taking place faster than the acoustic
period, t s2prv sLrÕ , which corresponds to the time needed for the density change to take place. In thisac ac s

case, the time profile of the diffracted intensity is driven by the acoustic response of the system and exhibits
oscillation at the acoustic period. The damping of the oscillation is due to acoustic attenuation which, as shown
in Fig. 2, varies from one solvent to the other.

Ž .For the fit of Eq. 3 , six parameters were adjusted: the acoustic frequency, v , the acoustic attenuationac

constant, a , the rate constant of thermal diffusion, k , the amplitude factors related to the fast and slowac td

density changes, A and A , and the amplitude factor, A , due to the contribution of D K . The otherdf ds p K p

parameters were fixed: the amplitude factor related to Dn was taken as A s2.14A , as determined fromp pn p K

the spectra shown in Fig. 3, k was taken as 1 psy1 and the measured value of k s4 nsy1 was used for k .f pop s
Ž . Ž . 2The pump and probe pulse profiles, I t and I t , were described as a sech function with a width of 25 pspu pr

Ž .FWHM , as measured by optical Kerr effect in CS .2

The values of some of the adjustable parameters obtained from the fit are listed in Table 1 together with Xs

and the speed of sound. This table shows that the solvent dependence of the time profiles shown in Fig. 2 is not
due to the relative magnitude of the fast and slow heat releasing processes, but only to the thermoacoustic

Table 1
Ž .Amplitude ratio f , acoustic attenuation constant, a , and acoustic period, t obtained from the fit of Eq. 3 to the measured time profilesac ac

of the diffracted intensity in various solvents, together with the thermal expansivity, X and speed of sound, Õs s

aSolvent X f a Õ t Õs ac s ac s
y1 y1 y1Ž . Ž . Ž . Ž .ml kJ ns ps m s

w xDCE 0.706 0.52"0.05 1.5 158 1216 24
w xDCM 0.875 0.51"0.05 0.7 176 1093 24
w xTHF 0.657 0.51"0.05 2.4 138 1311 25
w xTOL 0.742 0.50"0.05 3.0 142 1327 26

a w x Ž . w x Ž . w x Ž .Values of b were taken from Ref. 27 DCE, DCM , Ref. 28 THF and Ref. 29 TOL . Values for r and C where taken from Ref.Õ

w x30 .



( )P. Brodard, E. VautheyrChemical Physics Letters 309 1999 198–208206

properties of the solvents. The rate constant of thermal diffusion, which is responsible for the decay of the
thermal component of the density grating, could not be determined accurately from the time profile because of
the relatively small time window of the experiment. The k values obtained from the fit lies between 0.01 andtd

0.1 nsy1. The magnitude of this parameter as well as that of a depends on the fringe spacing. Nevertheless,ac
w xthese values are in reasonable agreement with those measured using different experimental geometries 31,32 .

Moreover, the acoustic frequencies and the acoustic attenuations constants in DCE and DCM are very similar
Ž .within 10% to those measured independently with malachite green. In non viscous solvents, this dye is known
to have an excited lifetime of a few ps, due to a very efficient internal conversion to the ground state. However,
these measurements could not be performed in TOL and THF, because of the low solubility of malachite green.

Fig. 4B shows the calculated time profiles of the diffracted intensity due to the phase grating generated by
Ž .the fast and slow heat releases as well as the total contribution of the population gratings Dn qD K usingp p

Ž .the parameters obtained from the fit of NiTPP in DCE see Fig. 2A . It can be seen that the time profiles due to
the fast and slow heat releases are very different. This is due to the large crossing angle of the pump pulses,

Ž .which results in acoustic periods that are substantially shorter than the decay time of the d,d state. The signal
originating from the fast heat release reaches its maximum in half an acoustic period, in about 70 ps in the

Žpresent case. On the other hand, the signal due to population grating reaches its maximum earlier around 20
.ps . This difference in the rise time, which can be observed in initial part of the time profiles shown in Figs. 2

and 4B, allows an estimation of the contribution of the population grating to the signal. From the fit, the
magnitude of this relative contribution is the largest in THF and the smallest in DCM, as expected from the Xs

Ž .values of the solvents see Table 1 .
Ž . Ž .As shown in Eqs. 8a and 8b , the modulation of density can also be caused by structural volume changes,

DV. The latter can be determined from the variation of the relative magnitude of A and A with the solventd,f d,s
w xparameter X as proposed by Zimmt and co-workers 31 :s

f X Q sX Q qDV , 10Ž .s tot s s

Ž .where fsA r A qA and Q sQ qQ . As all the optical excitation energy is converted into heat, Qds df ds tot f s tot
y1 Ž .amounts to 337 kJ mol . From Eq. 10 , a plot of fX Q vs. X should result in a straight line with a slopes tot s

equal to Q and an intercept corresponding to DV. Fig. 5 shows such a plot with the best linear fit.s

Because of the relatively large X values of the solvents, the error on the volume change is large. Findsen ets
Ž .al. have reported that the resonance Raman spectrum of Ni-porphyrins in the d,d state is very similar to the

w xground state one, except that all the bands exhibit a shift to lower frequency 33 . From these shifts, an average

Ž .Fig. 5. Molar expansion accompanying the radiationless decay of the d,d state of NiTPP as a function of the solvent parameter X .s
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increase of the C–C bond length by about 2% was determined. This ring expansion was explained by the
promotion of an electron to the d 2 2 orbital, hence to an increase of the in-plane electron density. Using thisx yy

˚value and assuming that the porphyrin is a disk with a thickness of 3.5 A results in a structural volume change
DV of about 7 ml moly1, i.e., within the error limit on the intercept. The contribution of solvent to the volume
change can be expected to be of minor importance. Indeed, as the excitation is localised on the metal, there is no
change in the electronic distribution that could lead to a noticeable variation of the volume via electrostrictive
effects.

Ž .The slope obtained from the plot in Fig. 5 indicates that the d,d state, which decays in 250 ps, lies
Ž .1.18"0.13 eV 114"12 kJrmol above the ground state. The spin multiplicity of this state is still unclear:

w x w xaccording to Kobayashi et al. the 250 ps transient is a singlet state 3 , while Chirvonyi et al. 8 as well as Kim
w xet al. 4 have assigned it to a triplet state. The latter authors arrived at this conclusion by assigning changes

observed in the red part of the transient spectrum taking place in the first few ps after excitation to the formation
3Ž . 1Ž . w xof the d,d state by intersystem crossing from the d,d state 4 . However, this investigation was performed

with 30 ps pulses. More recently, Rodriguez and Holten have studied the excited dynamics of NiTPP using 350
w x Ž .fs pulses 6 . These authors concluded that the 250 ps d,d state is generated in less than 350 fs and that the

3Ž .spectral changes initially assigned to the formation of the d,d state were rather due to vibrational cooling to
Ž . w xthe thermalised d,d state 6 . Moreover, their measurements did not allow to draw any conclusion on the spin

multiplicity of this state.
Ž .According to extended Huckel calculations, the energy gap between the singlet and triplet d,d states of¨

w x 1Ž .four-coordinated, square planar Ni complexes amounts to 0.8 eV 34 . If the 250 ps transient is the d,d state,
3Ž . w xthe d,d state would lie 0.38 eV above the ground state, which is, according to Ake and Gouterman 34 ,

Ž .physically reasonable. In this case, the absorption band due to the d,d transition should be located between 950
w xand 1150 nm and could account for the long wavelength tail measured in the near IR region 2 . Higher level

calculations, such as those based on density functional theory might allow a better assignment of the multiplicity
of this transient. Time resolved ESR would be the only method to obtain an univocal experimental proof.
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