
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Femtosecond Studies of Excited-state Proton Transfer Reactions in Solutions.

Marks, D.R.A.

Publication date
2000

Link to publication

Citation for published version (APA):
Marks, D. R. A. (2000). Femtosecond Studies of Excited-state Proton Transfer Reactions in
Solutions. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/femtosecond-studies-of-excitedstate-proton-transfer-reactions-in-solutions(0e56ec10-17bd-42ae-a72c-65704b8b8e82).html


Chapterr 8 

Fastt tautomerization processes in porphycene derivatives 

Abstract t 

Picosecondd fluorescence measurements of two structural derivatives of porphycene are 

presented.. In 9,10,19,20-tetra-n-propylporphycene a fast tautomerization process between the 

twoo identical "trans" tautomers in the excited state, destroys the emission polarization in a 

timee less than 20 ps. In 2,3,4,6,7,12,13,16,17-octaethylporphycene, it appears that a "cis" 

tautomerr in the excited state, is also possible. No excited state tautomerization has been 

observedd for this molecule. 
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8.11 Introduction 

Thee study of the electronic properties of porphycenes and their chemical derivatives has 

drawnn much attention since porphycene was first synthesized around a decade ago [1-12]. In 

particular,, the interest was stimulated by the possible application of these molecules for 

photodynamicc therapy and tumor marking [6J. The porphycene molecule has four nitrogen 

atomss within its inner core. Two of these nitrogen atoms are bonded to hydrogen atoms (see 

schemee 8.1). The molecule is planar and both "trans" and "cis" tautomers should be possible. 

Thee proton transfer dynamics of porphycene in the ground state and the excited state has been 

extensivelyy investigated. By means of  1SN CPMAS-NMR experiments Wehrle et al [2] 

establishedd that intramolecular proton transfer occurs in the inner core of the porphycene 

molecule.. In this reaction, the two protons attached to two of the nitrogen atoms in the inner 

coree are exchanged within and between the chemically distinct "trans71 and "cis" tautomers. 

Thee time of the exchange could not be resolved by the apparatus, which had a time resolution 

off  > 108 s. From fluorescence depolarization measurements it was established that a fast 

intramolecularr proton transfer process must occur also in the excited state of the structural 

derivativee 9,l0,l9,20-tetra-«-propylporphycene (PRPC) [9,10]. In yet another derivative, 

2,3,6,7,12.13,16,17-octaethylporphycenee (OEPC), no loss in polarization was measured and 

thuss it was concluded that such a proton transfer process does not occur in this compound, at 

leastt at low temperatures [9]. The chemical structure of the different porphycene derivatives is 

givenn in scheme 8.1. 

Fromm NMR and X-ray diffraction measurements it was established that the distance 5NN 

betweenn two of the nitrogen atoms in the inner core (see scheme 8.1) is in the order OEPC > 

porphycenee > PRPC [6,9]. These differences in 5NN between the different porphycene 

derivatives,, are the likely cause of the differences in the proton transfer dynamics that were 

observedd for the different derivatives [9]. From measurements of steady-state polarization and 

byy comparing the measurements to simulated data, Waluk and Vogel [9,10] concluded that in 

alll  of the studied derivatives of porphycene, the molecules predominantly reside in a "trans" 

tautomer,, but the existence of some molecules in the "cis" tautomer could not be excluded. 

Heree we present time-dependent fluorescence measurements conducted for PRPC and 

OEPCC in liquid solvents as well as in a polyvinylchloride (PVC) solid matrix. The time-

resolvedd fluorescence measurements were performed under magic angle conditions, and also 

withh the emission polarized parallel and perpendicular with respect to the excitation beam. 

Thee latter were performed in order to determine the time-dependence of the fluorescence 
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anisolropy.. Only for OEPC a time-dependent anisotropy in the fluorescence was observed. 

Forr PRPC it is concluded that a fast tautomerization process destroys the fluorescence 

anisotropyy at a time scale that is short compared to the setup time resolution (~ 20 ps). We 

suggestt that for PRPC only the "trans'" tautomer is present, in line with previous observations 

[9|.. For OEPC no tautomerization process ("trans"-"trans", or "trans"-"cis") has been 

observed.. The existence of a second species in the excited state, possibly a "cis" tautomer is 

discussed. . 

'"trans""  "cis" 

Porphycene e 

PRPCC OEPC 

SchemeScheme 8.1: The chemical structure of the porphycene derivatives. 

8.11 Experimental 

PRPCC and OEPC were a gift from Prof. Waluk of the Polish Academy of Sciences in 

Warsaw.. The solvents, cyclohexane (Merck) and acetonitrile (Merck) were of spectrograde 

qualityy and were used without further purification. 
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Steady-statee absorption spectra were recorded by means of a Shimadzu UV-240 

spectrophotometer.. The steady-state fluorescence spectra were measured using the emission 

spectrometerr described previously [13]. The emission spectra were corrected for the 

wavelength-dependentt sensitivity of the monochromator-photomultiplier detection system. 

Thee picosecond fluorescence setup has been described in detail in chapter 2. 

Picosecondd pulses of about 1 ps (FWHM autocorrelation trace) and 25 nJ at 3.8 MHz were 

appliedd at a fixed wavelength of 648.5 nm. The fluorescence emitted from the sample in a 

directionn perpendicular to the excitation beam was focused onto the entrance slit of a 

monochromatorr outfitted with a multi-channel plate photodetector. A linear polarizer was 

insertedd in the detection pathway to detect at magic angle, horizontal and vertical conditions. 

Thee instrumental response time was about 20 ps (FWHM). 

640 0 680 0 
XX (nm) 

720 0 

FigureFigure X. I: Absorption (dashed line) and emission (dotted line) spectra ofPRPC (a) and OEPC (b) dissolved in 

cyclohexane.cyclohexane. The lowest absorption bands Qi and (->_ are indicated 

Semi-empiricall  calculations were performed with the SPARTAN 5.0 software 

package.. The initial geometry of the molecule was optimized for minimum energy by 
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molecularr mechanics using a Merck force field. The result of this optimization was employed 

ass input data for RHF/PM3 semi-empirical calculations. 

8.33 Results 

8.3.18.3.1 PRPC 

AA full study of the steady-state absorption and emission spectra of PRPC has been 

reportedd previously [7,9]. In Figure 8.1a the absorption and emission spectra of PRPC 

dissolvedd in cyclohexane are presented. Two close lying absorption bands Qi and Q: centered 

aroundd 660 and 640 nm, respectively, are observed for PRPC dissolved in cyclohexane. In 

emission,, a band centered around 680 nm was measured. The dependence of the emission and 

absorptionn spectra upon variation of the solvents and temperature was previously discussed 

[7].. In general, the peak positions of the absorption and emission spectra are almost 

independentt of the choice of the solvent. 

500 0 
Timee (ps) 

500 0 
Timee (ps) 

1000 0 

FigureFigure 8.2: Fluorescence transients measured under the magic angle conditions of: la) PRPC (b) OEPC. The 

solventssolvents are indicated in the figure. 
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Wee have conducted time-resolved fluorescence measurements for PRPC dissolved in 

cyclohexane,, acetonitrile and in a PVC solid matrix. 

Typicall  transients measured at the detection wavelength of 670 nm. under magic angle 

conditions,, in the indicated solvents, are presented in Figure 8.2a. The fluorescence transients, 

measuredd under magic angle conditions, were fitted to a single exponential decay function, 

yieldingg an excited state lifetime of 33 ps (in cyclohexane). 26 ps (in acetonitrile) and 2.3 ns 

(inn PVC). 
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FigureFigure 8.3: A comparison between fluorescence transients of PRPC measured for emission polarized parallel 

(solid(solid line) and perpendicular lopen circles) with respect to the excitation beam polarization. The detection 

wavelengthwavelength was 671) nm. I he solvents are indicated in the figure. 

Fluorescencee transients measured with the polarizer directed parallel (/||) and 

perpendicularr (/J with respect to the excitation beam are presented in Figure 8.3. It is 

observedd that I\ \ and  have a similar lime-dependence. (The intensities of the transients of 
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I\I\  | and f  were normalized to demonstrate the identity of the time-dependence of the 

transients).. This time-dependence is the same as measured under the magic angle conditions 

(withh decay times: 33 ps, 26 ps and 2.3 ns, depending on the solvent). 

8.3.28.3.2 OEPC 

Thee absorption and emission spectra of OEPC dissolved in cyclohexane are presented 

inn Figure 8.1b. Two close lying absorption bands Qi and Q: centered around 670 nm and 630 

nm,, respectively, are observed. The emission band has its maximum around 690 nm. The 

steady-statee spectra of OEPC have been previously discussed [6,9]. 

Wee have measured fluorescence transients for OEPC dissolved in acetonitrile, 

cyclohexanee and in PVC. For the cyclohexane solutions transients were also measured at 10 

C,, i.e. close to the freezing point of the solvent. 

Typicall  fluorescence transients for OEPC dissolved in cyclohexane, acetonitrile and 

PVC,, detected at 670 nm, obtained under magic angle conditions, are presented in Figure 

8.2b.. The fluorescence transients were fitted to a bi-exponential decay function of the form, 

IImm(X,t)=(X,t)= J4] exp(-r /rl )+A 2exp(-/ / r:) . (8.1) 

Thee short-time decay component, T|, at room temperature, is: 390 ps (cyclohexane), 120 ps 

(acetonitrile),, and 250 ps (PVC). The long-time decay component, T?, at room temperature, is: 

8200 ps (cyclohexane), 150 ps (acetonitrile) and 1.2 ns (PVC). The ratio between the pre-

exponentiall  coefficients (A1/A2) is: 7:10 (cyclohexane), 1:2 (acetonitrile) and 2:5 (PVC). 

Fluorescencee transients measured with the polarizer directed parallel (/||) and 

perpendicularr (7_L) with respect to the excitation beam polarization are presented in Figure 8.4. 

Thee detection wavelength is 670 nm: filled diamonds refer to 7| |, and open circles refer to

Thee figure includes best fits to the transients. Intensities in the figure were rescaled to more 

clearlyy show the difference in the time-dependence of 1L and /||. The fluorescence transients 

ƒƒ 11 CO and Ij_{t)  measured in the liquid solutions were fitted to a 3-exponential decay function, 

II (A,,t)(A,,t) = A]txp(-t/zl)+A2 exp(-/ / T2 ) + A, exp( - f / r j. (8.2) 

Inn /1 \(t) three decay components are observed. The decay times T\ and TT are the same as those 

obtainedd under magic angle conditions. An additional decay with a characteristic time rj is 

present.. For Ij_(t) a rise with a time characteristic Ty (matching the decay in I\\(t)) is observed 
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followedd by a biexponential decay with the time components X\ and r? which are the same as 

obtainedd under magic angle conditions. All time components are given in Table 8.1. 

Solvent t 

cyclohexane e 

acetonitrile e 

Temperaturee (C) 

22 2 

10 0 

22 2 

rii  (ps) TT22 (pS) 

3900 (0.30) 820 (0.40) 

4200 (0.24) 

120(0.28) ) 

1020(0.46) ) 

150(0.41) ) 

r33 (ps) 

900 (0.30) 

140(0.30) ) 

40(0.31) ) 

TabicTabic H.I: The fluorescence time constants ofOEPC in a few liquid solvents. The relative weights (A,) are given 

inin brackets. 
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FigureFigure 8.4: A comparison between fluorescence transients of OEPC measured for emission polarized parallel 

(filled(filled diamonds) and perpendicular (open circles) with respect to the excitation beam polarization. The 

detectiondetection wavelength was 670 nm. The solvents are indicated in the figure. 
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Inn PVC I\\{t)  and f (t) could be fitted to a bi-exponential function with the same time 

constantss as measured under magic angle condition. However the ratio between A \IA2 changes 

withh the angle of the polarizer. For I\ \(t) the ratio is: 1:2 while for l (t) this ratio is: 1:3. 

8.44 Discussion 

8.4.18.4.1 PRPC 

Walukk et a\. [9] argued that a fast tautomerization process between two electronically 

identicall  "trans" tautomers occurs for PRPC in the excited state. In our time-resolved 

fluorescencee measurements all transients were best fitted to a single exponential decay. This 

servess as a further indication that only a single tautomeric species exists in the excited state. 

Thee anisotropy of the fluorescence is defined as [16], 

MM /„(/)-/ (>) 

Thee maximal value for the anisotropy for an isotropic distribution of absorbing molecules is 

r=0Ar=0A [16]. This is the case for a molecule whose absorption and emission transition dipole 

momentss are collinear. In liquid solutions, rotational diffusion motions will eventually destroy 

ann initially prepared anisotropy of the fluorescence, thus r<«=) = 0. In solid matrices rotational 

diffusionn is absent. From the measured values for 1\ \(t) and I (t) for PRPC in PVC, we obtain 

afterr substitution in Equation (8.3) a fluorescence anisotropy of r = 0.05. A time dependence 

off  the fluorescence anisotropy, for PRPC in PVC, could not be resolved. The measured value 

off  anisotropy for PRPC in PVC thus shows that excitation and emission transition dipole 

momentss are oriented along different directions. The anisotropy related to a rotation in the 

directionn of the absorption and emission dipole moment is [16], 

r„(tt)) = 0 . 4 *3 c o s^ g - 1 , (8.4) 

wheree a is the angle between the transition dipole moments for excitation and emission. 

AA fast equilibrium, in the excited state, between the originally excited species and a 

tautomericc form, such that both tautomeric forms give rise to equal fluorescence intensities, 

willl  result in an average anisotropy, 

Forr r,(a) = 0.1, one has a ~ 90°. It is likely then that the measured emission is a 

combinationn of contributions of emissions from the originally excited "trans" tautomers, and 
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ann additional tautomeric "trans" form obtained after double proton transfer in the initially 

excitedd "trans" conformation. It is noted that in the two "trans" tautomers, the excitation and 

emissivee states are almost iso-energetic and thus are also expected to give rise to a small 

Stokess shift, as actually observed. For PRPC dissolved in cyclohexane the Stokes shift is 

aroundd 900 cm"1 

Ourr measured value for the anisotropy (0.05) is a littl e lower than that measured by 

Walukk et al. {r  ~ 0.1) [9], possibly because the excitation (at 648.5 nm) involves also a 

higherr excited state with a different electronic dipole direction [9,10], thus affecting the 

nominall  anisotropy value. 

Thee above-mentioned proton switching process, involving a dynamic equilibrium 

betweenn two "trans" tautomers is rapid, and could not be time-resolved. The time resolution 

off  our experiment is about 20 ps, thus the double proton transfer time in the excited state is 

fasterr than this time. 

Wee note that the lifetime of PRPC in the excited state (Sec. 8.3.1) appears to be 

dependentt on the viscosity / rigidity of the solvating medium. (The viscosity of cyclohexane 

att 25 C is 0.894 cP, and for acetonitrile it is 0.369 cP [14]). In solid PVC the excited state 

lifetimee is significantly prolonged. The correlation between the excited state lifetime and the 

viscosityy / rigidity of the solvent, possibly indicates the role of the solvent viscosity on the 

flexibilit yy of the ethyl-group substituents, which likely are involved in the radiationless decay 

off  the excited Si state [12]. 

RHF/PM33 semi-empirical calculations were used to determine the structure of the 

PRPCC molecule. The calculations reveal that the porphycene moiety of the PRPC molecule 

remainss planar, like the porphycene molecule. Some internal distances between the nitrogen 

andd hydrogen atoms in the molecular inner core are presented in Table 8.2. The calculations 

confirmm previous observations that the distances between the nitrogen atoms ÖNN and between 

thee nitrogen and hydrogen atoms 8NH (see scheme 8.1) are smaller in this molecule as 

comparedd to the porphycene molecule [6,9], 

Distancess (A) 

ONN N 

SNH H 

Porphycene e 

2.63 3 

1.72 2 

PRPC C 

2.59 9 

1.70 0 

OEPC C 

2.68 8 

1.80 0 

TableTable 8.2: Some atomic distances in the different compounds. 
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8.4.28.4.2 OEPC 

Itt was assumed by Waluk et al. [91 that OEPC in the excited state resides only in the 

"trans""  tautomer. However, since the fluorescence transients of OEPC in all solvents had to 

bee fitted to a biexponential decay function, there must be two distinct tautomeric species in 

thee excited state of OEPC. We suggest that these are the "trans" and "cis" tautomers. The 

shorterr lifetime, T|, might be related to the hitherto unobserved "cis" tautomer, since the 

emissionn from the tautomer with the longer time decay, TS, makes a larger contribution to the 

steady-statee emission, previously assigned to the "trans" tautomer [9]. 

Assumingg equal transition dipole moments for the "trans" and "cis" tautomers, the ratio 

off  molecules residing in a "cis" tautomer among the entire population of OEPC molecules 

mayy be obtained from, 

xx V ^ (8.6) 
{A{A]] *T*T ll + A2*T2) 

Substitutionn of the experimental data yields the following values for x\: 0.28 (cyclohexane), 

0.300 (acetonitrile), and 0.09 (PVC). 

Thee time-dependent anisotropy was obtained by plugging the measured values for 

I\I\  \(t) and Zj_(0 in Equation (8.3). In Figure 8.5 the time-dependent anisotropy of OEPC in the 

differentt solvents is displayed. The time-dependent anisotropy curves were fitted to single 

exponentiall  decay functions, from which the anisotropy lifetimes, in the different solvents, 

weree deduced. The best fits of the time-dependent anisotropy to a single exponential decay are 

alsoo presented in Figure 8.5. The anisotropy lifetimes are: 135 ps (cyclohexane at room 

temperature),, 155 ps (cyclohexane at 10 C), 54 ps (acetonitrile), and 320 ps (PVC). It is noted 

thatt while in the liquid solvents the eventual anisotropy is r(°°) = 0, for OEPC dissolved in 

PVC,, the anisotropy decays to an eventual value of r(°°) = 0.2. 

Inn the liquid solvents, the decay of the anisotropy was found to correspond with the 

rotationall  diffusion motions. By applying the Debye-Stokes-Einstein relation, 

rr =*WL, (8.7) 
"**  6kBT 

thee diameter (2a) of the molecule was estimated to be 10.4 A. This compares well with the 

approximatedd diameter of the molecule, as determined from RHF/PM3 semi-empirical 

calculationss yielding approximately 11 A between the far ends of the molecule. 
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0.2 2 

0.11 h \ 
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acetonitrile e 

200 0 

5000 1000 
Timee (ps) 

FigureFigure 8.5: Time-dependent anisotropy obtained for OEPC dissolved in the indicated solvents (filled circles). 

BestBest Jits to a single exponential decay function appear as a sold line. 

Inn PVC the initial anisotropy is r(0)=0.27 and the characteristic decay time for r is 

aboutt 320 ps. It is noted that this time is similar to the T\ decay time, obtained from the 

fluorescencee transients measured under magic angle conditions. After about 750 ps. the 

anisotropyy reaches a constant value of 0.2. Our results are compatible with steady-state 

fluorescencee anisotropy measurements performed by Waluk and co workers [9,15]. When 

excitingg at 650 nm. these authors found a steady-state anisotropy of r = 0.2. at room 

temperaturee [15], and r = 0.27. at 20 K |9|. It should be added that Waluk [15] obtained the 

maximall  possible value for the anisotropy in an isotropic distribution of absorbing molecules 

off  r = 0.4. when the 0-0 transition (670nm) was chosen as the excitation wavelength. The 

lowerr anisotropy obtained when exciting at / w = 650 nm possibly reflects the involvement of 
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aa higher excited state with a different dipole direction, thus affecting the nominal anisotropy 

value. . 

Too uncover the origin of the time dependence of the fluorescence anisotropy of OEPC 

inn PVC, we consider the anisotropy for a mixture of fluorophores (identified as the "cis" and 

"trans""  tautomers), with individual excited state lifetimes X\ and z2, as, 

r(t)r(t)--
 r\A\ expf~t/T\ )+ r2A2 exp( -t/r2 ) 

Ajj  exp( -t / r,) + A2 exp{ -t / z2) 

wheree Aj is the pre-exponential of each component and r, is the time-independent anisotropy 

relatedd to that fluorophore [16]. By plugging the values obtained from the experiments under 

magicc angle conditions for A i, A2, r, and r2 into the above equation and assuming n = 0.4 and 

rr 22 = 0.2, the temporal dependence for the anisotropy of OEPC in PVC of Figure 8.4 is 

reproduced.. The experimentally observed time dependence of the anisotropy (Figure 8.4) can 

thuss be related to the faster population decay (lifetime) of the "cis" tautomer. 

RHF/PM33 semi-empirical calculations were used to calculate the structure of the 

OEPCC molecule. Some distances between the nitrogen and hydrogen atoms in the molecular 

innerr core are presented in Table 8.2. The calculations confirm previous observations that the 

distancess between the nitrogen atoms 8NN and between the nitrogen and hydrogen atoms 6NH 

(seee scheme 8.1) are increased in this molecule when compared to the porphycene and PRPC 

moleculess [6,9], 

Inn summary, in the OEPC molecule, no loss of anisotropy relating to a fast intramolecular 

protonn transfer in the excited state, could be resolved. The lack of intramolecular proton 

transferr could be due to the larger distances between the nitrogen atoms within the inner core 

off  the molecule when compared to the equivalent distances in PRPC and porphycene. The 

increasee in the S N̂ distance results in a higher barrier for proton transfer. A second outcome is 

thatt the increased <3MN distance between the nitrogen atoms of the molecular inner core, 

possiblyy allows the creation of a "cis" tautomer which does not occur in PRPC. 
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