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Using high resolution “N and 13C CPMAS NMR spectroscopy (CP - cross polarization, MAS - magic angle spinning) we have 
detected fast thermally activated proton transfer processes in solid 15N enriched phthalocyanine (PC). The synthesis of the latter 
is described. NMR experiments were performed on the crystalline (Y- and /I-modifications, as well as on a novel amorphous 
modification (am-PC). In order to extract thermodynamic and kinetic data from the NMR spectra an appropriate lineshape 
theory of bistable molecules in ordered and disordered matrices is developed. Bistable molecules are subject to exchange between 
at least two molecular states. The lineshape theory includes the possibility of site dependent perturbations of the rate and equilib- 
rium constants of state exchange, as well as of exchange between different sites. For disordered environments bi-Gaussian distri- 
butions of the reaction enthalpies of the state exchange and of the enthalpies of activation are proposed. Different possibilities, 
including Marcus theory, of reducing this two-dimensional site distribution function to a one-dimensional distribution are dis- 
cussed. The analysis of the NMR spectra gave the following results. Whereas the proton potential in ~-PC is quasisymmetric, the 
degeneracy of the tautomers in the /I modification is lifted because of a subtle interplay between inter- and intramolecular inter- 
actions. The amorphous modification is characterized by a broad distribution of differently perturbed asymmetric double-mini- 
mum potentials, as expected for a disordered environment. Rotation of Pc in either of these modifications can be excluded. Proton 
transfer in the B phase is faster than in the (Y phase due to smaller energy of activation. This finding is interpreted with a different 
geometric arrangement of the inner nitrogen atoms in both phases. In addition, the proton transfer in the /I phase is characterized 
by a smaller preexponential factor than in the a phase. This effect indicates substantial but different tunnel contributions to the 
reaction rates in both phases. The implications of the environment modulated proton transfer processes in PC for the mechanism 
of hydrogen transfer reactions in liquids is discussed. 

1. Introduction 

To understand the mechanism of a chemical reaction it is necessary to know its energy surface [ 1,2]. For gas 
phase reactions this surface can be obtained from ab initio calculations of a single molecule or molecular com- 
plex. The situation in liquids and solids is, however, much more complicated because reacting species may 
experience different reaction energy surfaces depending on the molecular environment [ 3-6 1. Information about 
such environmental effects is very difftcult to obtain because liquid state rate constants generally represent 
averages over the different environments. The development of kinetic methods which are able to follow molec- 
ular dynamics in the regime of slow solvent relaxation is, therefore, of special importance. 

In order to reach a timescale where solvent relaxation is slow, generally picosecond laser spectroscopy [ 41 has 
to be used when reactions in liquids are studied. This regime of slow molecular motions can, however, also be 
reached by dynamic NMR spectroscopy - which has proven to be a useful source of structural, thermodynamic 
and kinetic information [ 7-121 - when reactions in ordered crystals. or disordered glasses are studied. Such 
studies have been made possible by the development of variable temperature high resolution solid state methods 
[ 13-l 6 1. In these techniques spin l/2 nuclei such as 13C or “N atoms are monitored. Their dipolar couplings 
to protons are removed by proton decoupling and their chemical shift anisotropies are averaged by magic angle 
spinning (MAS ); furthermore, sensitivity is enhanced by cross polarization (CP) from protons [ 13- 15 1. One 
main advantage of dynamic NMR spectroscopy over other kinetic methods is the possibility of studying sym- 

0301-0104/89/$03.50 0 Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 



224 B. Wehrle, H.H. Limbach / Environment modulated proton tautomerism in PC 

metric exchange reactions where observed solid state perturbations of the reaction can be directly attributed to 
intermolecular interactions influencing the reaction energy surface [ 5,6 1. Note that information about such 
solid state effects on chemical reactions is not only of the theoretical interest by may also have important tech- 
nical applications [ 17 1. 

Among the fastest reactions involving bond breaking and bond formation are proton, hydrogen atom, or 
hydride transfer reactions [ 2,18-261. Generally, these reactions are associated with moving electric charges, i.e. 
they require major molecular solvent motions and are, therefore, often suppressed in the solid state. However, 
it has been shown that there is a category of fast hydrogen transfer reactions in and between polyatomic mole- 
cules #I, where the reactants and products are neutral. As a rule, such processes require the transfer of more than 
one hydrogen atoms, e.g. 

AH+BH = XH+YH . 

Intra- and intermolecular reactions of this kind have been observed by NMR methods not only in the liquid 
[ 2,26,27-371 but also in the solid state [ 2,5,6,16,38-561. Often these compounds are organic dyes, such as free 
base porphyrins [ 48-50,55,56], porphycene [ 501, phthalocyanine [ 16,49,54], tetraazaannulenes [ 5,6,52] and 
azophenine [ 371. During the past decade, great progress has been made in the understanding of the mechanisms 
of these double-proton transfer reactions. For the elucidation of the reaction pathways the study of kinetic HH/ 
HD/DD isotope effects as a function of temperature has been very useful [ 28,29,32,37,48,56]. Thus, not only 
tunneling contributions to the reaction rates have been verified but also information on the details of the proton 
motion has been obtained. Whereas in intermolecular double-proton transfer reactions both protons are in flight 
in the transition state [ 28,3 11, the intramolecular tautomerism of porphyrins and related compounds proceeds 
along symmetric triple minimum potentials via two consecutive single-proton transfer steps [ 29,36,37,56]. In 
two cases the intermediates have been directly observed by NMR spectroscopy [ 50,5 11. An explanation of the 
different behavior of the inter-intramolecular proton transfer systems has been given recently [ 281. Calculated 
energy surfaces using semi-empirical and ab initio methods support the stepwise tunneling mechanism in por- 
phyrins and azophenine [ 57-621. Note that organic dyes such as PC are also subject to phototautomerism [ 63- 
70] which can even occur at cryogenic temperatures, as detected by hole burning techniques. Such systems have, 
therefore, been proposed as components in future optical information storage devices [ 17,65,69]. 

Therefore, we study in this paper the problem of environmentally modulated proton tautomerism of phthal- 
ocyanine (PC) shown in fig. 1. The localisation and transfer of the protons in the solid phases of these dyes has 
been an old problem of solid state crystal structure analysis [ 7 l-831 and was the subject of controversial dis- 
cussions over the past decades. Whereas the tautomerism of porphyrins was studied very early using liquid state 
NMR methods [ 27,29 ] , the insolubility of PC in organic liquids has been a major reason why little is known 
about the location and the dynamics of the inner protons in this compound. For a long time, this problem has 
been subject of much speculation [ 78-8 11, especially in view of the fact that PC can exist in several crystal 
modifications [ 82-87 1. Most research has been reported on the a! and B phases. Although Robertson [ 781 had 

Since neither protons nor other ions are educts or products in these reactions, strictly speaking only the term hydrogen transfer which 
includes the possibility of the transfer of protons, hydrogen atoms, or hydride ions would be correct; however, since protons are, 
generally, transfered in hydrogen bonded systems we will use here the term proton transfer. 

Fig. 1. The tautomerism of phthalocyanine (PC). 
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already determined the crystal structure of the j? phase by X-ray analysis in 1936, the problem of tautomerism 
remained. A neutron scattering study on this modification found the hydrogen atoms equally distributed on the 
four inner nitrogen atoms [SO]. For the (Y modification no crystal structure analysis has yet been performed. 
The first indications for a dynamic proton transfer in PC came from r5N CPMAS NMR spectroscopy of j?-PC 
[ 16,491 which were subsequently supported by ‘% NMR experiments on cr-PC [ 541. These measurements 
showed differences in the behavior of both phases which have not yet been correlated to the molecular structure. 
One goal of this study is, therefore, to elucidate the different proton transfer characteristics in both phases. In 
addition, we have found also a novel amorphous modification (am-PC) where we have studied the question of 
how the tautomerism is influenced when the ordered lattice breaks down. Since nitrogen atoms are part of the 
NH...N proton transfer units we preferentially use “N CPMAS NMR spectroscopy of 15N enriched PC [ 16,49 1, 
although 13C experiments were also carried out which provide interesting additional structural information. 
Unfortunately, because of the low natural abundance and the absolute low sensitivity of the 15N nuclei it is 
necessary to artifically enrich the samples with that isotope in order to record exchange broadened “N CPMAS 
NMR spectra. 

This paper is organized as follows. After an experimental section, section 2, where the synthesis of PC-“Ns 
and its precursor o-phthalodinitrile-“Nz is described, we present the NMR lineshape theory used to analyze the 
experimental PC spectra in the ordered crystalline and amorphous modifications. This theory, which takes into 
account a distribution of differently shaped double minimum potentials of the reaction is an extension of a 
previously published theory of CPMAS NMR lineshapes of bistable molecules in disordered matter. The case 
of a superposition of different chemical rate processes in different reaction sites is also incorporated. Previously, 
only equilibrium effects and site exchange were taken into account [ $6 1. After the theoretical section, section 
3, we describe the j5N as well as some 13C CPMAS NMR experiments performed on PC. The different kinetic 
and thermodynamic properties found are then discussed against the background of the known solid state struc- 
ture of phthalocyanine. 

2. Experimental 

2.1. Synthesis of “N-enriched phthalocyanine 

Since 15N labeled phthalocyanine has, to our knowledge, not yet been prepared, we describe here all necessary 
procedures for its synthesis, including the synthesis of the 15N labeled precursor o-phthalodinitrile. The latter is, 
generally, obtained from phthalic anhydride and ammonia via phthalimide and phthalamide, followed by a 
dehydration step. From the standpoint of isotopic enrichment this route is inefficient because it requires isola- 
tion and puritication of the intermediates. Therefore, a low cost method for the preparation of “N enriched 
phthalodinitrile had to be developed which uses a minimum input of “NH&l. For this purpose we have modi- 
fied an industrial synthesis of phthalodinitrile from phthalic anhydride and gaseous ammonia without isolation 
of the intermediates [ 881 (fig. 2) for use on a laboratory scale. This reaction is also suitable for the synthesis of 
substituted “N enriched phthalodinitriles, e.g. 4-t-butylphthlalocyanine. Thus, we were able to prepare soluble 
“N-labeled phthalocyanines as well. 

Fig. 2. Synthesis of 15N enriched phthalocyanine. 
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2.1. I. Synthesis of o-phthaloditrile-“N, 
1.48 g ( 10 mmol) of purified phthalic anhydride was dissolved in 7.5 ml pyridine (dried over KOH). The 

solution was cooled to - 40” C using a methanol/CO2 mixture. Gaseous 15NH3 was developed from 1.2 g 95% 
’ 5N labeled ammonium chloride in an apparatus similar to the one described by Clusius and Effenberger [ 89 ] 
and condensed into a vessel cooled to liquid nitrogen temperature. In the next step it was condensed in small 
amounts into the reaction flask, still kept at -40°C. After complete addition the temperature was adjusted to 
75 ‘C and excess ammonia was removed under continuous stirring by a slow passage of gaseous nitrogen. The 
precipitate was dehydrated by adding freshly distilled POC13 in small portions to the reaction mixture. During 
this highly exothermic reaction step the temperature had to be kept below 80°C in order to avoid the formation 
of by-products. The limpid solution was poured into a strongly stirred ice/water mixture ( 5 g/ 10 g) and neu- 
tralized with 5n HzS04. The precipitate was filtered and washed with 15 ml H20. In order to remove traces of 
acid the raw product was suspended in 5.5 g 2% KOH and stirred for 10 min. After filtration and drying at 80°C 
450 mg o-phthalodinitrile-‘5N, was obtained (34.5O41 yield, Fp. 138-l 39°C). The product was further charac- 

terized by IR spectroscopy. 

2.1.2. Synthesis ofphthalocyanine-“N, 
‘5N,-phthalocyanine was synthesized according to the procedure of Linstead and Lowe [ 901 given for the 

unlabeled material. For this purpose 250 mg o-phthalonitrile-’ 5N2 were added to a solution of sodium (45 mg) 
in amylalcohol (0.5 ml). The reaction mixture was boiled for one hour, cooled to room temperature and diluted 
with ethanol. After filtration the raw product was boiled several times with ethanol in order to remove a brown 
by-product. Thus, 92 mg of chemically pure lSN-labeled phthalocyanine was obtained. In the mass spectrum 

several molecule ion peaks at 52 1 (weak), 522 (strong), 523 (weak) and 524 (very weak) were found. Since 
the 15N content of the ammonium chloride was of the order 95% we attribute the strongest peak at 522 to 
phthalocyanine-15N,. In the elemental analysis it was found that C= 72.68, N= 2 1.22 and H= 3.56, which com- 
pares well with the calculated values C= 73.56, N = 22.99, and H= 3.45. 

2.1.3. Synthesis of different phthalocyanine modifications 
The (Y modification of 15N labeled PC was obtained according to the literature [ 83 ] by recrystallization of the 

crude product from concentrated sulfuric acid. The conversion into the/3 modification was achieved by anneal- 
ing the material for 3 days at 300 o C and 1 atm [ 86,87 1. The two modifications were distinguished and identi- 

fied by their X-ray diffraction powders and by their IR spectra [ 84-87 1. 
The novel amorphous modification (am-PC) was obtained by attempting to sublime the /.I modification in 

vacua at 300°C. In the mass spectrum of the residue no Pc-molecule ion peak could be detected. A strong peak 
at 44 arising from CO2 indicates that the material decomposes under the measuring conditions of mass spec- 
troscopy. There are also indications in the mass spectra that during the heating process some phthalic anhydride 
might be formed. By contrast, the IR spectra were found to be similar to the crystalline modifications. Never- 
theless, the C-H deformation stretching band is broad and featureless. The elemental analysis gave C = 65.63, 
N= 18.63 and H= 2.76 as compared to the calculated values C = 73.56, N= 22.99 and H= 3.45. As shown later, 
the solid state 15N CPMAS NMR spectra did not show “N containing impurities. 

2.2. NMR measurements 

All NMR experiments were performed on a Bruker CXP 100 NMR spectrometer working at 90.02 MHz for 
‘H, at 9.12 MHz for 15N, and at 22.63 MHz for 13C. The spectrometer was equipped with a 2.1 T wide-bore 
Bruker cryomagnet. The CPMAS NMR experiments were performed using a Doty MAS probe [ 9 11. In the low- 
temperature experiments the driving nitrogen gas was cooled with liquid nitrogen with a home-built heat-ex- 
changer described elsewhere [ 16 1. The sample temperature was monitored with a Pt resistance thermometer 
placed close to the sample. 
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3. Theoretical 

In this section we present a high-resolution NMR lineshape theory of spin l/2 nuclei in bistable molecules 
embedded in solids. These molecules interconvert in the gas phase between two isomeric states 1 and 2. As has 
been shown previously [ 5,6 1, matrix effects in disordered matrices like glasses or other amorphous solids can 
be modeled in terms of different environments or “sites” in which the bistable molecules experience different 
equilibrium constants of isomerism. In our previous studies [ 5,6] we calculated NMR lineshapes for the case 
of fast isomerism as a function of the parameters of an appropriate site distribution function. The effects of 
exchange between the different sites were also included in the theory. However, in the absence of an experimen- 
tal example sites with different rate constants of isomerism were not yet taken into account. Since this case is 
realized for amorphous phthalocyanine it will be included here. 

3.1. General NMR lineshape theory of chemical exchange 

The theory of exchange broadened pulse FT NMR spectra has been described previously [ 8-121. The free 
induction decay signal measured in the NMR experiment depends on the off-diagonal elements of the density 
matrix p of the spin ensemble studied. In Liouville space the time dependence of these elements is governed by 
the master equation 

dpldt=&, 

.&=-27ci(~-r4)+B++a. (1) 

In eq. ( 1) c is the unit matrix, v the frequency in Hz, Y the Liouville operator, 9 the transverse part of the 
Redfield relaxation matrix, and Z the operator describing the chemical exchange. Let k and 1 be indices charac- 
terizing the rows and the comlumns of the matrix .&. The element of .& are then written as _&. k respectively 1 
correspond to transition or quantum coherences between the spin states CY and /I respectively (Y’ and j?‘. The 
elements of Y are given by 

-u;., = Y&j&s = x,,. s,,. - 3EcBp. s,,. . 

6 is the Kronecker symbol and #’ the Hamilton operator, which can be written as the sum 

(2) 

3f= cx, (3) 
K 

S$ is the Hamiltonian of the rcth environment, isomer, state, etc. which participates in the exchange. %K acts 
only on the spin functions in K. Thus, each diagonal element of .J? can be associated with a certain molecular 
state K. In the absence of spin-spin coupling the Redtield relaxation operator 9 is diagonal. Generally, one 
includes artificial and apparative line broadening in the diagonal elements, given by -x WO, where W, is the 
effective linewidth in Hz in the absence of exchange. The exchange operator Z depends on the rate constants of 
the exchange and the particular exchange problem. The dimension of A is given by the number of NMR tran- 
sitions. Each transition n is characterized by the position nLrn and the width A:, where A, XI? +i4Lm corre- 
sponds to the eigenvalues of the matrix J, calculated by diagonalization of J? according to the transformation 

1101 

A = CRAC’ . (4) 

Each transition is also characterized by a complex intensity 

(5) 
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where 1; are the elements of the lowering operator, which are unity for one-spin systems, andp,( 0) the elements 
of the density matrix at t= 0 given by 

/?A (0) =f;P,I, . (6) 

Since the elements I; and pk( 0) are associated with a given molecular state K the quantities Pk correspond to 
the molecule fractions P, of this state. fk describes deviations of the elements pk( 0) from PJk . fk depends on 
the pulse sequence used and the type of spin system studied. For simple nonselective 90” pulses applied on one- 
spin systems all fk = 1. In CPMAS experiments fk # 1 because of the different polarization dynamics of inequiv- 
alent spins. In the absence of spin-spin coupling, i.e. the case where each supermolecular state K gives rise to 
only one diagonal element in A, i.e. one spectral transition k (see previous section), k and K are identical. Then, 
the elements of the density matrix vector, pk(0)=plc(O)=fKP,, according to eq. (6). Finally, the lineshape 
function is conveniently written in the form 

Y(v)= 1 {[Q~e/i~-Q~~(/i~~-2XV)]/[(/1~)2+(/i~~-2xY)*]}. (7) 
n 

In actual calculations it is only necessary to set up the matrix .4! and the vector p( 0). If the Hamiltonian only 
consists of terms arising from isotropic chemicals shifts, and if each environment K contains only one nucleus 
with the chemical shift v,, one observes in the slow exchange range singlets, one for each environment, with an 
intensity corresponding to the population of the environment, if all fK= 1. As the exchange becomes faster the 
lines broaden and coalesce. In the fast range only an averaged line survives whose position is given by 

v= 1 PKVK, (8) 

3.2. Lineshapes theory of state and site exchange in a finite number of sites 

The isomerism of a bistable molecule between two molecular states can be expressed by the equation 

1=2 (9) 

when the reaction takes place in the gas phase or in the ordered solid state. However, when the molecules are 
embedded in disordered solids [ $61 a multitude of different reaction sites m has to be taken into account 

lm=2m, m=l, 2, . . . . 1, (10) 

where the molecules experience different equilibrium constants 

K 1m2,n=P2mIf',,n =k,m2mlk2m,m. (11) 

In eq. ( 11) P,= Pi,, is the population of state i = 1, 2 in site m; K= im characterizes the “supermolecular state”. 
k 1,n2m and k2m,m are the forward and the backward rate constants in site m. We now extend our previous [ $61 
site definition and define a site m as the ensemble of all bistable molecules characterized by the same forward 
and backward rate constants of the isomerism. The mole fraction of this site is then given by 

P(m) =P,,,, +P2,, . (12) 

The individual populations P,,, can easily be calculated from eqs. ( 11) and ( 12 ): 

PI,, = l 
1 +K m2,n 

P(m), P2,= K”n2m P(m) . 
1+ K, rn2m 

(13) 

The exchange operator Z connects two individual supermolecular state K= im and K’ =jn. Taking into consid- 
eration the principle of detailed balance, the elements of the exchange operator .Y are given by [ lo] 
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(14) 

SK,. is the Kronecker symbol and kKKP = kimj. the pseudo-first-order rate of exchange between the states K= im 
and K’ =jn, i, j = 1, 2. The quantity kimjm then corresponds to the state exchange in site m, the quantity kimin to 
the exchange between the sites m and n, the molecular state i staying the same. If state exchange and site ex- 
change occur statistically independent from each other it is a good approximation to set 

k I,,,,,, =kz,,,z, =k,,,, and ki,“j,=O form#nandi#j. 

The exchange operator may then the rewritten in the form 

(15) 

The first two terms describe the state exchange in one site, the last two exchange between different sites m. The 
expression 

G’= 1 &jki,,rjr (17) 
,‘Z,H 

is the inverse lifetime of site m. Site exchange in the limit of fast state exchange has been treated in detail in a 
previous paper [ 61. In this article we focus on infinite long site lifetime 7,. The exchange operator then reduces 
to 

%, =zi,>jjn = -8, k$i d,rrtnki,nkn + (1 -&)d,,,ki,nj,; i, j, k= 1, 2 * (18) 

The further treatment now depends on whether one has to consider only a small number of sites as in ordered 
crystals or a larger number as in disordered solids. In the latter case it will be necessary to introduce appropriate 
site distribution functions as shown below. 

3.3. Calculated lineshapes for molecular isomerism in two sites 

Let us consider now the simplest reaction network shown in scheme 1 where a bistable molecule exchanging 
between two states 1 and 2 can exist in two sites 1 and 2. Let each site m and state i contain only one spin, whose 
Larmor frequency is given by the isotropic chemical shift Yi,n. The intrinsic linewidth in the absence of exchange 
is then II’,,,,,. From eqs. ( 1) and ( 16) it follows that 

17 .- 27 

state exchange 

12 -; 22 Scheme 1. 
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11 

21 

JV= 
12 

22 

11 21 12 22 

-k k 112/- 1112 k 2111 k 121 I 

- nWo,,-2xiv,, 

k ,121 -km, -km k 2221 

- 1~W~~,-21civ,, 

k I112 -k 1222- k 1211 k 2212 

- aW,,,-2niv,, 

k 2122 k 1222 -k22,2-k222, 

- A W,,, 2 - 7[i v2. 

(19) 
> 

with Pi,,1 (0) =P,,,,. The NMR lineshape is then easily calculated according to the procedures outlined in section 
3.2. Generally, the parameters in eq. ( 19) are determined by fitting the calculated spectra to the experimental 
spectra. 

In order to demonstrate typical spectral patterns it is interesting to discuss some special cases included in eq. 
( 19 ) , relevant to the kind of exchange problems studied experimentally in this paper. Thus, let the following 
relations hold: 

k ,,z,=km2r kz,,,=k,mr 

i.e. 

(20) 

K,,z/ =Kr>:J. 

Furthermore, let 

(21) 

k ,,,2=km,r k,,,,=km, 

hold, from which it follows that 

(22) 

P,I=P2J#P2,=P,z. 

In the following, we call two sites for which eqs. (20)-(23) hold also “twin” sites. Let us further set 

(23) 

VII x v,2= v,, v21 z v22 = v2, with Au= v, - v2. 

This choice of parameters is typical for symmetric proton transfer systems of the type 

(24) 

15N H A . . . 15N - 15N 
x- *...15HNx , (25) 

where the molecular structure is such that the nitrogen atoms A and X are equivalent in the absence of inter- 
molecular interactions, i.e. where the two tautomers in eq. (25) are degenerate. By contrast, in the presence of 
intermolecular interactions in an ordered crystal, generally, solid state perturbations are observed which lift the 
degeneracy of the two tautomers [ 48-52 1. Thus, there are two equivalent ways of incorporating the molecule in 
the solid, in other words, the molecule has access to two sites. The resulting reaction network is shown in scheme 
2. In site 1 spin A is placed on the “left” and X on the “right” side of the unit cell. Since the two tautomers 1 I 
and 2 1 are no more degenerate, the proton is preferentially located on nucleus A. By contrast, in site 2 nucleus 
X is placed on the left and A on the right side. Thus, the proton is located preferentially on nucleus X. Both sites 
2 and 2 have the same probability because of eq. (23 ). 

Because of the symmetry relations (20)-( 24) between the two nuclei, the contributions of nuclei A and X to 
the NMR lineshapes are identical in the absence of spin-spin interactions and we can use eq. ( 19) in order to 
calculate the NMR lineshapes shown in figs. 3 and 4. In a first series of calculated spectra (fig. 3, lower part) we 
set the site exchange constant ki,nin = 0 and varied only the state exchange rate constants. The equilibrium con- 

stant K, ,2I = K22\2 was set to a value of 0.33 in all spectra. In the slow state exchange region two sharp lines are 
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15N,H 15NX 

11 

15NX .’ H15N, 

12 

15 

. . N, H15N, 

state exchange 
proton transfer 

21 

& 
kc = .o 
gs 
alp I 

state exchange .z v 
proton transfer _. 

. . 15NXH 15N, 

22 Scheme 2. 

observed. When the state interconversion rate constant k , ,z, is increased, the two lines broaden and sharpen 

again. In the fast exchange region two sharp lines are expected whose frequencies are given by 

v,=P,,~,,+(l-~,,)v*,=(~,+~,,2,~*)/(1+~,,*,)=(~~+~12:2~*)l(l+~12:2)~ (26) 

v,=P,2V,Z+(l-~,Z)V22=(~,+~,~Z~~2)/(1+~,222)=(~I+~II:l)/(l+~11:,) * (27) 

For the reduced splitting between the two lines it follows that 

~v=u~-v,=Av(~-K,,~,)/(~+K,,~,). (28) 

In order to calculate the equilibrium constant K, I21 = Ki*\z from the reduced splitting 6v it is necessary to know 

the intrinsic chemical shift difference Av= vi - v2. 
In the upper half of fig. 3 the site exchange rate constants k,,“i, are increased. Now, the two averaged lines 

broaden and coalesce into one sharp line. It follows, as stated previously [ 5,6], that the observation of a reduced 

1/.2J,12,22 

+IZJ/*~ ‘I;‘,:‘” 
10' 

1 

10' 2---A--_ 
lo3 02 --.J-L_ 
lo3 OL 

U,22 1 J,2J 

2 22 OA 

0 Olia 

Fig. 3. Calculated spectra for a bistable molecule located in an 

asymmetric site, subject to exchange between two molecular states 
and two molecular sites. The rate constant k, ,*, describes the state 

exchange, the k, ,,? describes the site exchange, i.e. rotation of the 

molecule. The equilibrium constant K, IzI = K, , , 2 was set to a value 

of 0.33 in all spectra. 

h,+ 

“1 J_ :o, __.___ 
2.22 _/--k__ 

1.0 _P-4_ 
L-.k_l- 

k-Av -+I 

Fig. 4. Calculated spectra of bistable molecule located in a sym- 

metric site where K, ,?,= K, J22= I. k, and k, are the state and site 

exchange rate; not that only the sum can be detected. 
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doublet indicates absence of A-X interchange via molecular rotations in the case of symmetric bistable 
compounds. 

We now come to the special case with equal populations of states 1 and 2, i.e. where K, Iz, = K, 222 = 1. In this 
case 

k ,m=kZ,,,=ks, k,,u=kr. (29) 

One can then easily show that the lineshape depends on the sum k= k, + k, only. Then, the familiar symmetric 
line shapes shown in fig. 4 result with two lines in the slow and one averaged center line in the fast state/site 
exchange region. 

3.4. The case of more than two superposed sites with different equilibrium constants 

In this section we take a multitude of different sites m into account. Among different possibilities of site 
selection we chose the following. We arbitrarily define a site m as the ensemble of nuclear spins experiencing the 
equilibrium constant 

K 1,,,2,,1= (m- 1)/(1-m) . (30) 

I is the maximum number of sites taken into account. Note that the equilibrium constants for site m and for 
m’ = I- m + 1 are related according to 

K, ,,,,z,,,’ = K&,,, . (31) 

Therefore, m and m’ are twin sites. In symmetrical molecules for which eq. (23) is valid, the probabilities of 
sites m and m’ are equal: 

P(m)=P(m’). (32) 

Let us now assume again that 

u I !,I ZV,n=V,, v2,n x V2n = v* - -v,+Av. (33) 

Extending eqs. (26) and (27 ) we obtain for the position of the averaged lines in the fast state exchange range 

v,,,=v,+(~-l)(vz-v,)/(f-1); m=l,..., 1. (34) 

We now have to introduce an appropriate site distribution function, either a discontinuous function P( Klm2,,,), 
or a continuous function P( K, 2). In previous studies we found that a bi-Gaussian distribution of free energies 
of state exchange AGlz is appropriate to describe bistable molecules in the disordered solid state [ $61. AG12 is 
related to the equilibrium constant of state exchange by the van ‘t Hoff equation 

K12 =exp( -AG,,/RT) . 

Here R is the gas constant and T temperature in kelvin. The distribution function reads [ 5,6 ] 

(35) 

P(AG,2)= - ;-& = ; 
l/2 

{exp[-_y(AG,2-AG,z-AGfi)2] 
I2 

+exp[-y(AG12-AG12+AGfi)‘]}, y=1/2a2. (36) 

This function is characterized by two maxima, one at AG12 + AG’;z and the other at AG12 -AGE. AG12 is the 
mean free reaction enthalpy of the isomerism. The expression (a*+ AG;l,) ‘I2 characterizes the width of the 

distribution [ 6 1. By combining eqs. (30) and (34) it follows that 
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1 dh’ dAG,z dK,z dv 

0 

1 “2 RT l-l 
NdAGt2 dK12 dv dm IC 2 (m-l)(m-1) 

X {exp{ -y[ -RTln(s) -z,,-AGfiy} +exp { -y[ -RTln (s) -z,2+AG;T}}. 

(37) 

In actual calculation one has to vary 0, AG12 and AG;i. For exchange reactions which are degenerate in the 
absence of intermolecular interactions z, 2 = 0. 

3.5. Introduction of a two-dimensional site distribution function 

At this stage we now have to take into account that different molecules in a given site m can experience 
different rate constants of the state exchange, although their equilibrium constant is the same. Thus, the intro- 
duction of subsites becomes necessary, i.e. the introduction of a two-dimensional distribution function P( /c,,~~,,,, 
K I,,12m) or P(k12, KL2). A function ofthe type P(klW2,, kzmlm ) or P( k12, k,, ) could also be introduced. The 
deviation of appropriate functions is facilitated if one assumes that kinetic and thermodynamic variables are 
not related. In this case the following product results 

P(k I m2m 3 K,nz,n) =P(k,,,2,,)P(K,,~2,~) . (38) 

For the one-dimensional distribution function P( k12) one could use according to Albery et al. [ 921 a Gaus- 
sian distribution of energies of activation AG: 2 of the kind 

exp[ -y’(AG:12-_i2)2] , 

01 

P(h) = $- P(AGi,), k I2 =exp( -AGi,IRT) . 
I2 

(39) 

(40) 

Here, the usual superscript 1 is introduced in order to distinguish the distribution parameters in eqs. (36) and 
(37). As an alternative to eq. (40), a Williams-Watts distribution [ 931 could be used. 

3.6. Reduction of the two-dimensional distribution function to a one-dimensionalfunction 

We found that the above approach is difficult to realize experimentally because the above two-dimensional 
distribution function contain more parameters than can be derived by lineshapes analysis. A reduction of the 
two-dimensional distribution function to a one-dimensional function is, however, possible if one assumes a 
relationship between the thermodynamic and kinetic parameters, in contrast to eq. (38). Thus, let us assume a 
relationship of the type 

kirnjm =K%zj:nks, kjmim =KL&k, 3 (41) 

where k, is the rate constant of the symmetric site with the equilibrium constant Kimj,,, kimj, the forward and 
kj,,i,” the backward rate constant. Eq. (41) resembles the Bronstedt equation which has been extensively used 
for the treatment of proton transfer [ 18 1. For the case where (Y = 0.5, eq. (4 1) reduces to the simplest form of 
the well-known Marcus relation [ 25 1. When (Y = 1, all backward rate constants kjmim are equal to Is. By combi- 
nation with eq. (30) it follows that 

u-t 

* (42) 
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3.7. Calculated spectra in the presence of state exchange in the case of more than two superposed sites 

Using a bi-Gaussian site distribution of free reaction enthalpies together with the approximation of eq. (42), 
we have calculated some theoretical spectra shown in fig. 5. In these calculations I= 16 sites were taken into 
account. Whereas the site exchange rate constants were set to zero, the state exchange rate constants were in- 
creased from the bottom to the top. In the slow exchange region the spectra contain two sharp lines, as in the 
bottom spectra of fig. 3. As temperature is increased the lines show dynamic linebroadening and coalesce. In the 
fast exchange region the total spectrum consists of superposed individual sharp doublets with different spacings, 
as in the top spectrum of fig. 5. If the number of sites is increased this fine structure disappears and the resulting 
fine is inhomogeneously broadened. For actual calculations it is only necessary to rise the number of sites until 
the difference between individual signals is smaller than their individual signal with W,. 

The main difference between the two sets of spectra in fig. 5 is that in fig. 5a we used the Marcus relationship 
with cu~O.5, whereas in fig 5b (Y was set to unity. Although one observes characteristic differences in the calcu- 
lated lineshapes of both models in the two sets of spectra in fig. 5, one can anticipate that in experimental spectra 
it will probably not be easy to distinguish both models by lineshape analysis alone. 

3.8. NA4R lineshapes in the presence ofsite exchange 

In this section we ask how exchange between the different sites affects the NMR spectra. In principle, the 
exchange operator given in eq. ( 16) covers a number of different exchange situations. The disadvantage of this 
operator is, however, that the site exchange rates depend on the arbitrary number of sites used in the calcula- 
tions. Situations where the site exchange can be described by a single correlation time T are, therefore, of special 
interest. The first simplification is to set 

kimin =kjmjn =km, (43) 

in the exchange operator in eq. ( 16). Furthermore, one can assume that the rate constant kimin is proportional 
to T - i, to the mole fraction x, of site n, and to a parameter D,,,,,: 

k,,,,, = T - ‘x,,D,,, . (44) 

D,,l,,=Dn,n=O or 1 depending on whether exchange between sites m and n is allowed or not. From eq. ( 17) it 
follows for the inverse lifetime of an individual site that 

(45) 

h,lAv 

Fig. 5. Calculated spectra of bistable molecules located in a mul- 
titude of I= 16 different sites, subject to exchange between the 
state. The sites were weight by a bi-Gaussian distribution func- 
tion of free reaction energy. (a) Calculated spectra for the valid- 
ity of Marcus theory, i.e. eq. (37) with a=0.5. (b) Calculated 
spectra for the case that the backward rate constant is the same 
in all sites, i.e. eq. (37) with (Y= 1. 
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IIXZ -3tI Fig. 6. Effects of a reduced site lifetime ‘5 on the NMR spectra of 
b&able molecules located in different sites characterized by a bi- 

*If 

Gaussian distribution of free reaction energies of isomerism. The 
bottom spectrum where 7= a, was generated in a similar way as 
the top spectrum in fig. 5. From the bottom to the top only the 7 

values were decreased. Fast site exchange renders all sites equiv- 
alent. (a) ASE model, (b) NSE model (see text). Reproduced 

IcAv4 kAV4 with permission from ref. [ 6 1. 

The elements of the exchange operator (eq. ( 16 ) ) are then given by 

7 
-irnjn = -8, C dmnkrnkn +(l-s,)6,,ki,j,-G,,Sijr- C ~,D,,+(l-S,,)6ij7-‘X,D,,. (46) 

k#a r+m 

For the case of rapid state exchange this equation can be reduced to the operator given previously [ $61 

E,,,,= -a,,,, c T~:‘x,,D,,,+ (1 -&,&-‘xnDm,, . (47) 
I+ m 

One can imagine two working hypothesis which represent two extreme limits of a complex exchange pattern. In 
limit (i) each site exchange with every other site, i.e. all D,, = 1, ( ASE - all site exchange ) . Since x, QC 1 because 
of the great number of sites, it follows from eq. (45 ) that the lifetimes of all sites are equal, i.e. 7, = 7. In limit 
(ii) each site exchanges only with a neighboring site, i.e. the equilibrium constants of state exchange change 
only gradually in small increments (NSE - neighbor site exchange). In other words, only values of D,, with 
m = n k 1 are non-zero. In fig. 6 we compare the calculated NMR line shapes for both limits. In order to dem- 
onstrate better the effects of site exchange on the spectra we consider only 16 sites which leads to 16 separated 
lines at the bottom of figs. 6a and 6b where the average site lifetime 7+00. We use arbitrary site distribution. As 
we shorten 7, the homogeneous width of the individual lines first increases, leading to the disappearance of the 
fine structure, and then all individual lines coalesce into one homogeneously broadened line. In the fast site 
exchange regime only one sharp line survives. In the coalescence region the ASE model (fig. 6a) shows a “tri- 
angular” line shape, whereas the NSE line shape still resembles a Gaussian lineshape. In the slow and the fast 
exchange regime both models give rise to similar lineshapes and can, therefore, not be distinguished by one- 
dimensional NMR spectroscopy. 

3.9. Computer program 

In order to perform the lineshape calculations based on the theory presented in this section a computer pro- 
gram was written in FORTRAN 77. The program requires the matrix 4, the vector p( 0) defined in eqs. ( l)- 
(7), i.e. the quantities Au, a, (Y, AGl;,, W,, 7-‘, and D,,,,, defined above as input. The inhomogeneously broad- 
ened spectra in the absence of site exchange shown in fig. 5 were calculated by setting 7-l = 0. 

4. Results 

In this section we present the results of our “N and 13C variable temperature CPMAS NMR experiments 
performed on the crystalline CY and /3 modifications and a novel amorphous modification of phthalocyanine 
(PC). Some of these results have been presented previously in a preliminary form [ 16,49 1. 
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4.1. ‘“N CPMAS NMR studies of crystalline cx- andp-Pc 

Fig. 7 shows the superposed experimental and calculated 15N CPMAS NMR spectra of (Y- and ~&PC as a 
function of temperature. Characteristic temperature-dependent lineshape changes in these spectra indicate a 
mobility of the central protons. Below 173 K two narrow I5 N lines with an intensity ratio of approximately 3 : 1 
are observed. The smaller high field line originates from the central “N atoms bound to hydrogen atoms, the 
low field line from the six unprotonated nitrogen atoms. At higher temperatures only the four outer nitrogen 
atoms which do not participate in the tautomerism contribute to the low field line. In the jI modification this 
line is split into two singlets which indicates the presence of two inequivalent pairs of outer nitrogen atoms. By 
dontrast, this splitting is absent in the (Y modification, indicating that within the margin of error of our NMR 
experiments the outer nitrogen atoms are equivalent. This equivalence may be only a quasi-equivalence, because 
the low-field line is slightly broader than the corresponding line components of the p phase, i.e. the (Y phase may 
contain a distribution of slightly inequivalent outer nitrogen atoms. 

If temperature is raised dynamic line broadening and coalescence of the signals of the inner 15N4 core are 
observed. The observation of two sharp coalesced lines with a temperature-dependent reduced splitting 8v can 
easily be interpreted in terms of the calculated line shapes shown at the bottom of fig. 3. This result indicates 
that the degeneracy of the two tautomers is lifted in this modification, due to molecular packing effects. In other 
words, the spectra prove that one tautomeric form is energetically favored over the other. From the values of 8v 
the equilibrium constants K12 of the tautomerism could be calculated as a function of temperature using eq. 
(28). We obtain a reaction enthalpy of AHIZ= 1.3 rtO.2 kJ mol-’ and a reaction entropy of &Si2=0.8 J K-’ 
mol- ‘. The rate constants k, 2 were obtained by the simulation of the spectra. The K, 2 values necessary for these 
calculations were extrapolated from high temperature. The linewidths IV, in the absence of exchange were ob- 
tained by simulation of the signals of the outer nitrogen atoms. We obtained the following Arrhenius equation 

k,z=10”.3’0.5exp(-32.3& 1.6kJmol-‘/RT), 167<T<213K, k(298)x0.43x106s-‘. 

All further kinetic and thermodynamic parameters are summarized in tables 1 and 2. 

(48) 

By contrast, the high temperature 15N spectra of the a modification contain only one slightly broadened 
resonance for the inner 15N4 core. This additional broadening might be explained by one of the following work- 
ing hypotheses: (i ) the signal consists of two non-resolved lines with a small splitting 6 v arising from an equilib- 
rium constant close to but not exactly unity; (ii) the broadening is the consequence of a narrow distribution of 
different 8 u values, i.e. equilibrium constants with a mean value of K, 2 = 1; (iii) a susceptibility broadening 

a 
T/K 

Fig. 7. Supposed experimental and calculated “N CPMAS NMR 
spectra of 95% “N enriched phthalocyanine as a function of tem- 

147 
--A__J 

perature. (a) B modification: 1 O- I2 ms cross polarization time, 
7 kHz sweep width, 2.7 s repetition time, reference external 

-- 
/ Ll57 

15NH4CI. (b) ar modification: same acquisition parameters as in 
370 -b/ppm -30 370 -61ppm -30 (a). 
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Table I Table 2 
Equilibrium constants of tautomerism in pphthalocyanine Forward rate constants of the tautomerism of~phthalocyanine ‘) 

T(R) Sv (Hz) K12 

292 185 0.639 
309 180 0.641 
324 171 0.663 
355 147 0.704 

150 844” 

a) Low temperature splitting Av in the absence of proton transfer. 

T(K) k,z (s-l) 

167 20 
175 44 
183 116 
189 185 
193 220 
197 600 
204 1240 
209 1690 
213 2800 

a) Simulations parameters: Av= 844 Hz, W0=40 HZ. 

could also be present in view of the fact that the &PC crystals are very small. In any case, one can conclude that 
the proton migration in the (Y modification proceeds in good approximation along a quasi-symmetrical double 
minimum potential. Therefore, we set in the lineshape calculations of fig. 7 the equilibrium constant KU= 1 in 
the whole temperature range, i.e. k,,=k,, - -k,. Thus, we obtained the following rate constants: 

k, = 10’2.0f0.2 exp( -39.8 +0.9 kJ mol-‘/RT), 197<T<243K, ~(298K)~O.11~10~s-‘. (49) 

All kinetic data are summarized in table 3. 

4.2. “C CPMAS studies of phthalocyanine 

In order to know whether it is possible to easily distinguish cr- and /I-phthalocyanine by routine 13C NMR 
spectroscopy and in order to obtain additional information on the molecular structure and dynamics of both 
modifications we have measured the “C CPMAS NMR spectra of 15N labeled PC shown in fig. 8. Obviously, the 
spectra are temperature dependent because of the proton tautomerism. The spectral pattern of the NMR signals 
of the (Y phase (fig. 8b) follows the one described by Meier et al. [ 541. At low temperature we observe in the 

Table 3 
Rate constants of the tautomerism of cy-phthalocyanine ‘) 

T(K) k (s-l) 

197 30 
204 65 
219 300 
230 1050 
243 2780 

a) Simulations parameters: AU = 844 HZ, Wo = 6 1 Hz. 

Fig 8. r3C CPMAS NMR spectra of 95% “N enriched phthalo- 
cyanine at 22.63 MHz at 298 and 153 K. (a) /Imodification, (b) 
(Y modification. The spectra were obtained with a 7 mm Doty- 
spinner design [ 9 1 ] in a cryomagnet. 3-6 ms CP time, 4.7 s rep- 
etition time, 4 ps 90” time, 5 kHz spectra width, 3 kHz rotation 
frequency on average, reference TMS. 
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low field region one broad single resonance labeled as 1,2 at 154 ppm. This chemical shift is typical for carbon 
atoms in the positions neighboring the unprotonated nitrogen atoms of porphyrins. At room temperature one 
slightly broadened coalesced signal is observed at 146 ppm. From the position of this averaged signal one can 
easily calculate the chemical shifts of the signals 1’ and 2’ hidden under the large high field peak. We obtain a 
value of 138 ppm, which agrees well with the value of Meier et al. [ 541. 

By contrast, in the /3 modification (fig. 8a) two singlets are observed in the low-temperature spectrum at 156 
and 152 ppm, indicating the presence of two inequivalent carbon atoms adjacent to unprotonated inner nitrogen 
atoms. At room temperature, where the proton transfer is fast, the /I modification gives rise to a trio of lines at 
149.5, 146 and 142.5 ppm with an intensity ratio of 1 : 2: 1. As shown in fig. 8a, the formation of this trio is 
easily explained in terms of two superposed line pairs characterized by the reduced splittings 8~,, , x &. . As in 
the “N spectra these reduced splittings arise from an equilibrium constant of tautomerism of K,* # 1. Since the 
K, 2 values were already known from the ’ 5N spectra (table 1 ), we were able to calculate the intrinsic chemical 
shifts of the carbon atoms leading to lines 1’ and 2’. We obtain the values of 140 and 136.5 ppm. 

4.3. “N CPMAS NMR studies of amorphous phthalocyanine 

The 15N CPMAS NMR spectra of the amorphous modification of phthalocyanine which we denote as am-PC 
show surprising differences when compared to the spectra of the CY and the fi modifications. In fact, the amor- 
phous nature of am-PC was established by recording the spectra shown in fig. 9. At low temperatures the familiar 
phthalocyanine spectrum consisting of two lines with the intensity ratio of 3: 1 in the slow proton exchange 
regime is obtained. The spectral assignment is the same as reported above for the crystalline modification. Low- 
ering the temperature did not result in line narrowing. Raising the temperature led again to dynamic line broad- 
ening of the inner 15N4 atom signal. However, in contrast to the spectra in fig. 7, we do not observe line narrow- 
ing above 250 K but a very broad line with a characteristic temperature dependence. In order to elucidate 
whether this broadening is homogeneous, i.e. arising from dynamic processes or whether it is inhomogeneous, 
i.e. arising from a superposition of sharp lines as indicated in fig. 5, a two-dimensional exchange experiment at 
room temperature was performed [ 38 1. Complications arising from spin diffusion and longitudinal relaxation 
arising from the proton dynamics [ 941 were avoided by limiting the mixing time to 250 ms. The two-dimen- 
sional 15N CPMAS NMR spectrum in fig. 10 shows a narrow ridge along the diagonal, as expected for a super- 
position of individual sharp lines. Otherwise, if the line had been homogeneously broadened, the two-dimen- 
sional signal would extend in a similar way in both frequency axes, i.e. exhibit a circular shape [ 38 1. 

300 26 

Fig. 9. Superposed experimental and calculated 15N CPMAS NMR 
spectra of amorphous phthalocyanine as a function of tempera- 
ture. 6-12 ms CP time, 2.7 s repetition rate, 3000 scans on the 
average, reference external ‘5NH4CI. 
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Table 4 
Thermodynamic and kinetic parameters of tautomerism in 
amorphous phthalocyanine ‘) 

: 

‘L lo 

232 
232 44 

Fig. 10. Two-dimensional magnetization transfer j5N CPMAS 
NMR spectra (contour plot) at 300 K of amorphous phthalocy- 
anine. There were 32 by 256 points in the original data matrix. 6 
ms CP time, 250 ms mixing time, 3.1. s repetition rate, 5 12 scans 
per spectrum, reference external lSNH,Cl. 

T A 

(K) @J/mol) .ykJ/mol) 

ra 1 

(s-l) 

196 3.15 3.20 ~25 
211 3.21 2.94 140 
237 3.17 3.12 1690 
240 3.11 3.00 2175 
247 2.93 3.03 3830 
255 2.86 3.06 7030 
299 2.16 3.06 X 110000 
339 2.13 3.08 %0.7X lo6 
363 1.54 3.02 z2x lo6 

‘) Simulation parameters: Au = 820 Hz, W,= 100 Hz. I= 16 sites 
were considered. 

The origin of the inhomogeneous line broadening at high temperature can be explained in terms of the theory 
presented in sections 3.4-3.7 with a continuous distribution of different sites in which the PC molecules experi- 
ence different equilibrium and rate constants of tautomerism. This distribution of sites implies the breakdown 
of the ordered crystal lattice, The spectra in fig. 9 were simulated by taking into account a bi-Gaussian distri- 
bution of the free energy of tautomerism P(AG). The symmetry of the phthalocyanine molecule was taken into 
account by setting the mean value of AG i2 = 0 in eq. (37)) i.e. the mean equilibrium constant R,, = 1. In order 
to avoid the use of a two-dimensional distribution function P(K12, k,,) and to simplify the calculations, eq. 
(42) was employed to simulate the spectra in fig. 9, with a value of (Y = 0.5, corresponding to the Marcus rela- 
tionship [ 25 1. In order to further reduce the number of variable parameters we used the symmetrical state 
exchange rate constants k, of the (Y modification, given in eq. (49). Thus, only the parameters AGE and u of 
the Gaussian distribution function (eq. (37) ) needed to be adapted. AGE is the free energy of tautomerism of 
the most probable site. The results are listed in table 4. From the equation AG;l, = AH;1 - TAS;“, , a reaction 
enthalpy AH;1* = 5.9 f 0.3 kJ mol - ’ and a reaction entropy AS;l, = 12.1+ 1.1 J K- ’ mol- ’ of the most probable 
site were obtained. 

5. Discussion 

Let us first summarize the main results of this study. Using dynamic high-resolution 15N and 13C solid state 
NMR spectroscopy of “N labeled phthalocyanine (PC) in the crystalline (Y and /? modifications (fig. 7) as well 
as of a novel amorphous modification (fig. 9), it was established that PC is subject in the solid state to an 
intramolecular double-proton transfer according to fig. 1. Because of the insolubility of this dye in organic sol- 
vents this tautomerism could not be detected previously by conventional liquid state NMR techniques. The 
energy surface of the tautomerism depends on the environment in which the molecule is placed. Whereas the 
tautomers are quasi-degenerate in the thermodynamically less stable (Y modification, the degeneracy of the tau- 
tome&m is lifted in the case of /~-PC. The equilibrium constant of tautomerism of /I-PC is K,,=0.65 at room 
temperature. In addition, the two carbon atoms adjacent to the nitrogen atoms are no longer equivalent in 
contrast to the cu phase. The amorphous modification which may contain defects generated by decomposition 
of PC is characterized by a broad distribution of equilibrium constants K12. Besides thermodynamic differences, 
the various modifications also show interesting differences in the proton transfer dynamics. Proton transfer in 
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the /3 phase is faster than in the o phase due to a smaller energy of activation, i.e. E,(p) <E,(a). In addition, 
we also found that the frequency factor of proton transfer in the /3 phase is smaller than in the (Y phase. For the 
amorphous modification as well a broad distribution of rate constants is observed. In order to extract the ther- 
modynamic and the kinetic information by lineshape analysis, a previous NMR lineshape theory of bistable 
molecules exchanging between two molecular states, embedded in ordered and disordered matrices, was further 
developed to include the case of slow state exchange. 

These results show that there is a subtle interplay between intermolecular interactions, the intramolecular 
structure, and the proton transfer characteristics discussed in the following. 

5.1. The structure ofphthalocyanine in the solid state 

In order to discuss the effects of the environment on the PC tautomerism let us first review some structural 
features of PC in the solid state relevant for this study. We are especially interested in the arrangement of the 
inner nitrogen atoms. In order to facilitate the discussion we show in fig. 11 the atom numbering to which we 
refer in the following. 

The best known PC modification is the monoclinic /3 phase whose molecular symmetry is only i [ 78 1. The 
inner nitrogen atoms a to d are located on a rectangle with the distances r&x red x 265 A < r,, z r, z 2.75 A, as 
indicated in fig. 11. This deviation from a square arrangement of the inner nitrogen atoms is independently 
supported by our NMR experiments. Firstly, the two low field “N signals of fig. 7a indicate the presence of two 
different kinds of outer nitrogen atoms. Secondly, we observe that the two carbon neighbors 1 and 2 as well as 
1’ and 2’ of each inner nitrogen atom have different chemical shifts. These results are not consistent with a 
square arrangement of the inner and the outer N atoms. The assignment of these 13C lines to atom positions is 
indicated in fig. 11. Note that the data are also in agreement with an assignment where 1 and 2 as well as 1’ and 
2 ‘ are interchanged. 

Unfortunately, no exact structural data are available for the Q! modification because this material could be 
obtained only as a microcrystalline powder insufficient for X-ray analysis [ 861. There is, however, some evi- 
dence from X-ray diffraction investigations that the molecular symmetry of the cr phase might be higher than 
that of the j3 modification [ 82-861. This evidence is supported by our NMR experiments. The latter indicate a 
chemical equivalence of the outer nitrogen atoms, of carbon atoms 1 and 2 as well as of carbon atoms 1’ and 2’ 

-for 

Fig. I I. Schematic representation of the geometry of phthalocy- 

i 

anine in the solid state. The boldfaced symbols are used in the 
context of this study for atom numbering; for comparison also 
the IUPAC [ 951 numbering is shown. 
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at low temperature, as expected for a square arrangement of the inner and outer nitrogen atoms. Thus, the 
distances between the inner nitrogen atoms are more or less equal; one can assume that r&, % r=d x r,, x r, x 2.7 
A, which corresponds to the average distance in the /3 phase. 

No structural X-ray or neutron scattering data are available for the amorphous form found during this study. 
Although no impurity could be detected in the 15N spectra shown in fig. 9, we cannot exclude that this form 
contains a number of defects generated during the annealing process. 

5.2. Influence of the environment on the thermodynamics of the PC tautomerism 

Let us discuss now how the different molecular structures influence the tautomerism in solid PC. In the ab- 
sence of intermolecular interactions the two tautomers in scheme 1 are degenerate, i.e. the equilibrium constant 
K, z of the reaction is unity. 

5.2.1. Crystalline IX and/i’ modifications 
The lineshape analysis of the 15N CPMAS NMR spectra of monoclinic /I-PC (fig. 7a) shows that the degener- 

acy of the tautomers is lifted in this modification. In other words, the hydrogen migration proceeds along a 
slightly asymmetric potential energy surface. This finding can be understood in terms of the reduced crystal 
symmetry of the p phase. Thus, the two tautomers in the unit cell are no longer related by symmetry operations 
and it is understandable that their degeneracy is lost. Note that this loss of degeneracy of the two tautomeric 
forms is also proof that the molecules in /~-PC are not able to perform 90” jumps around an axis perpendicular 
to the molecular plane within the NMR timescale. Such a rotation would lead to an exchange of the nitrogen 
sites, i.e. to a coalescence of the two remaining lines in the fast proton exchange regime, according to the calcu- 
lated spectra of fig. 3. 

For the (Y phase we find that the two tautomers are quasi-degenerate, which corresponds well with our finding 
of a higher molecular symmetry as compared to the B phase. The NMR lines of the inner 15N atoms of this 
compound (fig. 7b) are, however, slightly broader than the corresponding lines of the B phase. There may be 
different sources for this additional line broadening. Either the deviation of the equilibrium constants of tauto- 
merism, Klzi from unity is too small to be observable or there is a narrow distribution of slightly different values 
of K, z and of the chemical shifts as a consequence of some crystal defects in this phase, or the broadening is a 
consequence of the smallness of the crystals of ~-PC. In contrast to the /I phase, it cannot be completely excluded 
that the observed quasi-degeneracy of the two tautomers in the (Y phase partly arises from molecular 90” jumps, 
although this possibility seems unlikely. 

The common property of the two crystalline PC modifications is, that all molecules in a given phase experience 
the same equilibrium constants of tautomerism because of long range ordering in the crystalline state. 

5.2.2. Amorphousphthalocyanine 
The situation changes if the long range order of the solid matrix breaks down, which is realized e.g. in glassy 

polymers or in the bulk material of an amorphous compound. Optical investigations of porphyrins and phthal- 
ocyanine showed that a disordered solid matrix provides a multitude of different environments in which the 
hosts experience different electronic transition frequencies [ 65-691. 

In a previous article we investigated the tautomerism of an organic dye molecule embedded in a glassy poly- 
mer [ 5,6 1. It was found that this matrix provides different sites in which the dye molecules experience different 
equilibrium constants of tautomerism. A similar observation is made here for the case of amorphous PC, where 
the bulk dye provides its own disordered matrix. This information follows from the analysis of the “N NMR 
lineshape of am-PC in the fast proton exchange regime at high temperature, where one broad line is observed for 
the inner nitrogen atoms. Twodimensional exchange experiments (fig. 10) reveal a narrow ridge along the 
diagonal axis which is proof that the line is inhomogeneously broadened, i.e. that it consists of a superposition 
of doublets with different splittings due to different local equilibrium constant, as explained in section 3. This 
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broad distribution is the consequence of the fact that the periodicity of the crystal lattice has been lost in the 
amorphous state. 

The observed distribution of equilibrium constants of tautomerism means that a distribution of free reaction 
energies or enthalpies of tautomerism exists too. In order to simulate the NMR lineshapes, a b&Gaussian distri- 
bution function of free reaction enthalpy P(AG,*) was used, with a mean value of AGlz =O, i.e. a mean equilib- 
rium constant of I?, Z = 1, because of the molecular symmetry in the absence of intermolecular interactions. The 
distribution is characterized by the parameters AG” and (T. AC” represents the most probable reaction enthalpy 
and rr the width of the distribution. 

Again, as in the case of P-PC, we can exclude the possibility that the PC molecules perform 90” jumps around 
an axis perpendicular to the molecular plane. In this case the broad high-temperature line in fig. 7a would coa- 
lesce into one single line, as shown in the calculated spectra of fig. 3. 

5.3. Influence of the environment on the kinetic of the PC tautomerism 

So far we have discussed perturbations of reactant and product states of the tautomerism by the interplay of 
intermolecular and intramolecular interactions. In this section we show that such perturbations exist also for 
the transition states of the PC tautomerism. 

5.3.1. Crystalline (Y and j3 modifications: evidence for proton tunneling 
The Arrhenius curves of the proton transfer in both (Y- and /~-PC are shown in fig. 12. Our values found for (Y- 

PC agree very well with those Meier et al. [ 541 determined by 13C NMR spectroscopy. Fig. 12 clearly shows that 
the reaction is much faster in @PC than in ~-PC due to a smaller energy of activation (32.3 kJ mol- ’ versus 39 
kJ mol- ’ ) , as expressed by eqs. (48 ) and (49 ). Also, the frequency factor is smaller for the p modification. 

An explanation for the different behavior of both phases may be provided by the following arguments. It is 
well known that the barrier for proton transfer between two heavy atoms increases with the internuclear distance 
[ 2 1. The different kinetic behavior of both modifications can then be explained by the possibility that the proton 
transfer in the p phase proceeds preferentially between the two nitrogen atoms with the shorter interatomic 
distance. Proton migration to the more distant nitrogen atoms will be characterized by a higher energy of acti- 
vation. The latter process does, however, not lead to further lineshape changes in the “N spectra. By contrast, 
as stated above, in the case of ~-PC the inner nitrogen atoms are arranged in a good approximation on a square, 
the average nitrogen distance being larger than the shortest nitrogen distance in /~-PC, which might explain the 
larger energy of activation of the proton transfer in this phase. 

The different apparent frequency factors of the proton motion in both phases can be interpreted in terms of 
substantial tunneling contributions to the reaction rates of proton transfer, especially to those of the B phase. 

12 

10 

*a 
H 

6 

1000/T (l/K) 

Fig. 12. The Arrhenius curves of (Y- and /~-PC according to eqs. 

(48) and (49). (e) /I-PC this study, (m) (Y-PC this study, (@) 

cx-PC ref. [ 541. 
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This can be visualized as follows. Extrapolation of the Arrhenius curves in fig. 12 to the high-temperature region 
predicts that above 600 K proton transfer in the (Y phase will be faster than in the /I phase, which is unlikely 
(48). Preliminary tunnel calculations [ 191 using frequency factors of lOI s- ’ indicate a curvature in the 
Arrhenius curve of the /3 phase and a high-temperature activation energy of about 40 kJ mol- ‘. These calcula- 
tions also show that an additional reason for the faster proton transfer in the B phase might be a lower energy of 
a possible intermediate with protons attached to adjacent nitrogen atoms. However, in order to verify this inter- 
pretation further NMR experiments will be necessary, especially the determination of kinetic isotope effects in 
the widest temperature range possible. Optical methods might also help to achieve this goal [ 561. 

5.3.2. Amorphous phthalocyanine 
The ’ 5N CPMAS NMR spectra of am-PC (fig. 9) indicate that the proton transfer in this compound is frozen 

at low temperatures within the NMR timescale, as in the case of the crystalline PC modifications. As temperature 
is raised lineshape changes in the intermediate proton exchange region provide information about proton dy- 
namics and thermodynamics of tautomerism as well. In principle, two-dimensional distributions of rate con- 
stants P( k12, k,, ) have to be considered. However, in the case of am-PC the lineshapes did not provide enough 
information to obtain such a two-dimensional distribution function experimentally. A reduction to a one-di- 
mensional distribution function can be achieved by assuming a Bronstedt type relationship between rate and 
equilibrium constants of the type k12 = K”k,. k, is the rate constant of the symmetric double-minimum potential 
with K= 1. The case where cy = 0.5 represents the well known Marcus relationship for intermolecular reaction. 
When (Y = 1 all backward rate constants are set to the same value k,. Our spectra could be well simulated with 
ac0.5. In order to further minimize the number of variable parameters we took the values of k, from those 
found for ~-PC. Thus, only the width g of the distribution function P(AG,*) and the most probable free energy 
of tautomerism AG;l, = AHF2 - TASZ were varied in the lineshape simulations. We found values of U= 3 kJ 
mol - ‘, a mean reaction enthalpy of AHF2 = 5.9 J mol - ’ and a reaction entropy of AS;l, = 12 J kmol - ‘. 

5.4. Implications for the mechanism of hydrogen transfer reactions in condensed matter 

Let us finally discuss the implications of the above findings for the mechanism of hydrogen transfer reactions 
in condensed matter. In fig. 13 we present a molecular picture of the influence of intermolecular interactions on 
this type of reaction. This picture partly arose from our studies of dye tautomerism in organic glasses such as 
polystyrene [ 5,6 1. Consider a bistable molecule in the gas phase which has access to two degenerate molecular 
states (fig. 13a). The energy profile along the reaction coordinate will then correspond in the simplest case to a 
symmetric double-minimum potential. If the molecule is placed in a crystalline environment on a site of reduced 
symmetry, the degeneracy of the two molecular states will be lost because an energy difference exists between 
the two states (fig. 13b). In the case of small perturbations the entropy difference between the two states may 
be small. Thus, small deviations of the equilibrium constants from unity are expected, which increase, however, 
at very low temperatures. In first approximation the local equilibrium constant of a given molecules does not 
depend on the molecular state of the neighboring molecule. Otherwise, a second-order phase transition is ex- 
pected at higher temperatures, absent in the case of PC. The energy difference between the two states depends 
on the subtle interplay between the molecular structure and the intermolecular interactions. Thus, different 
perturbations of the energy reaction surface must be expected for different environments, as in the case of (Y- 
and /~-PC. Not only the energy difference between the reactant and product states is varied but also the barrier 
height found here. 

If the molecule is placed in a disordered environment its reaction energy surface will be dependent on the 
local environment (fig. 13~). Thus, the overall reaction must be characterized by a large distribution of rate and 
equilibrium constants, as observed here for am-PC. In our previous studies of dye tautomerism in glassy poly- 
mers [ 5,6] we only observed distributions of equilibrium constants. Information on this distribution can be 
obtained by NMR methods. In section 3 it is shown how solvent relaxation via molecular motions leads to a 
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W a 

Fig. 13. Perturbation of a symmetric double-minimum potential 
of a bistable molecule by intermolecular interactions. (a) Sym- 
metric double-minimum potential in the gas phase. (b) Pettur- 
bation of the potential in the ordered crystalline state by inter- 
molecular interactions which are the same for all molecules. (c) 
Perturbation of the potential in the disordered solid state by in- 
termolecular interactions which are different for all molecules. 
(d ) Motional averaged symmetric potentials. (Adapted from ref. 
161.) 

motional averaging of the observed energy reaction surfaces in a regime where dynamic NMR spectroscopy can 
no longer follow the individual reaction sites (fig. 13d). Then, in the case of symmetric bistable molecules such 
as PC only averaged symmetric double minimum potentials are observed. This regime has not yet been reached 
in the case of solid PC in the temperature range studied, however, this regime was recently [ 561 achieved in the 
case of dyes embedded in glassy polymers above the glass transition temperature. 

The example of different proton transfer characteristics in the various phases of phthalocyanine together with 
the results of this section shows that extreme care has to be taken when one tries to construct and interpret the 
Arrhenius curve of a given reaction in a wide temperature range when the kinetic data have been derived from 
different phases e.g. liquid, solid, solid solutions. In order to do so it must be checked whether there are kinetic 
liquid/solid state effects and how they influence the reaction dynamics. This has been achieved in the case of 
the tautomerism of porphyrin by NMR spectroscopy [ 50,561. 

6. Conclusions 

It has been shown that dynamic solid state NMR spectroscopy can be very helpful in understanding fast 
reactions in b&able molecules embedded in the ordered or disordered solid state where the timescale of slow 
molecular motion is reached by this method. Thus, information about the question of how sensitive reacting 
molecules respond to intermolecular interactions can be obtained, as shown here for crystalline and amorphous 
phthalocyanine. Since the amorphous solid state and, especially, the glassy state can be regarded as a model for 
liquids in a timescale of slow solvent motion we think that our results may also be useful in the understanding 
of fast reactions in liquids. Thus, we have shown that molecules in different local environments are not only 
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characterized by a Gaussian distribution of different microscopic rate constants but also of different micro- 
scopic equilibrium constants. The assumption of relations between thermodynamic and kinetic quantities is 
useful for the evaluation of the experimental data. Although in this study we have not yet measured kinetic 
hydrogen/deuterium isotope effects of the PC tautomerism, we have already found evidence for major tunneling 
contributions to the reaction rates, especially to those of &PC. One can anticipate that NMR studies of bistable 
molecules in solids may not only lead to a better theoretical understanding of reactions in condensed matter but 
may also be of technical importance in the field of material research. Tasks for the future include further exploit- 
ing the whole spectrum of one- and two-dimensional solid state NMR techniques in order to achieve this goal. 
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