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N M R  relaxometry combined with high-resolution solid-state NMR techniques has been explored as a kinetic 
tool for the study of ultrafast proton transfers in solids. Rate constants of proton transfer are obtained in the 
milli- to nanosecond time scale by analysis of the longitudinal spin-lattice relaxation times TI of heteronuclei 
located in such a way that their dipolar interaction to the mobile protons is modulated by the transfer process. 
The T1 measurements are facilitated by proton cross-polarization (CP), magic angle spinning (MAS), and 
proton decoupling during the detection period. In contrast to the study of static powders, the CPMAS method 
also provides the equilibrium constants of proton transfer necessary to obtain the rate constants from the TI 
values. Heteronuclear longitudinal relaxation in the presence of proton transfer is described in the theoretical 
section for the cases of (i) static powders, (ii) powders rotating at the magic angle, and (iii) powders where 
longitudinal relaxation is isotropically averaged by magnetization transfer. In case i relaxation is multiexponential 
and difficult to evaluate. In case iii relaxation is truly exponential and characterized by a single longitudinal 
relaxation time T I ,  related in a straightforward way to the dipolar interaction and the equilibrium and rate 
constants of proton transfer. This case is, however, difficult to realize experimentally, by contrast to the MAS 
case ii. As shown theoretically, in this casee relaxation is quasi-monoexponential and governed in very good 
approximation by the same TI values as in case iii. Therefore, rate constants of ultrafast proton transfers can 
be obtained from CPMAS T1 measurements as long as other relaxation mechanisms are not operative. As an 
example, a dynamic 15N CPMAS NMR study of polycrystalline dimethyldibenzotetraaza[ 14lannulene 
(DTAA: 1,8dihydr0-6,13-dimethyldibenzo[b,i]-~~N~-( 1,4,8,1 1)-tetraazacyclotetra-deca-4,6,11,13-tetraene) is 
presented. As shown previously, DTAA is subject to an intramolecular double proton transfer between two 
tautomers which are degenerate in the gas phase but inequivalent in the crystalline solid. Longitudinal 15N 
relaxation of DTAA under MAS conditions has been monitored at 2.1 and 7 T in a large temperature range 
and was found to be monoexponential. Deuteration in the mobile proton sites drastically reduced the relaxation 
rates, proving that the lSN TI  values of DTAA are dominated by proton-transfer-induced dipolar relaxation. 
A TI minimum of protonated DTAA was observed around 350 K. Using the theory of case iii, this observation 
allowed us to convert the TI values measured into rate constants of proton transfer in the milli- to nanosecond 
time scale and to determine the IH-l5N distances. The validity of this approach was verified by additional 
experiments performed on static powders and complete data analyses in terms of cases i and ii. At 7 T a small 
contribution to T1 arising from a proton-transfer-induced modulation of the chemical shift anisotropy (CSA) 
had to be taken into account. In the milli- to microsecond time scale the rate constants obtained by 15N TI  
analysis agree very well with those obtained by 15N CPMAS line shape analysis. The resulting Arrhenius curve 
shows a small deviation from linearity. In conclusion, relaxometry of powdered crystalline or of disordered 
solids under MAS conditions constitutes a reliable technique for obtaining rate constants of ultrafast proton 
transfers in organic solids. 

Introduction 

For a long time, dynamic liquid-state NMR spectroscopyz4 
has been a powerful tool for studying the dynamics and the 
thermodynamics of proton-transfer reactions including their 
kinetic hydrogen/deuterium isotope  effect^.^-^ The oncome of 
high-resolution solid-state NMR methods of spin ' 1 2  nuclei under 
the conditions of cross-polarization (CP), magic angle spinning 
(MAS), proton decoupling, and variable temperature8-'' made 
it possible to extend such studies to the solid state. A variety of 
different proton-transfer reactions in organic solids have been 
detected in recent years employing lSN CPMAS NMR12-20 as 
well as I3C CPMAS NMR spec t ro~copy.~~-~~ When the proton- 
transfer barriers are large enough, characteristic line shape 
changesoccur at low temperatures in the CPMAS NMR spectra. 
In this case, rate constants of proton transfer can be obtained in 
the millisecond range by NMR line shape a n a l y s i ~ l ~ J ~ - ~ ~  and in 
the second time scale by polarization-transfer experiments.20sz1 
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When the proton transfer is very fast with respect to the NMR 
time scale, rate constants can unfortunately no longer be obtained 
by line shape analysis although the observation of temperature- 
dependent equilibria still gives evidence of a double-minimum 
potential of the proton m o t i o r ~ . ~ ~ J ~ J ~  

The dynamic range problem of solid-state NMR for the study 
of ultrafast proton and deuteron transfers can be solved when 
these processes modulate homonuclear dipolar interactions in 
the case of IH and the quadrupole interaction in the case of ZH, 
which leads to characteristic values of the longitudinal relaxation 
times.3 Thus, several authors have studied proton and deuteron 
dynamics in single crystals via the measurement of 'H and/or 2H 
TI relaxation times of the mobile protons or d e u t e r o n ~ . ~ ~ ~ l  
Recently, a IH TI relaxation study of a static powdered solid was 
reported where the longitudinal IH relaxation is governed by the 
heteronuclear dipolar IH-14N in te rac t i~n .~~ However, only 
energies of activation of proton transfer but no rate constants 
could be derived because the TI  values can be converted into rate 
constants only if the equilibrium constants are also known. In 
the case of single crystals the latter can be obtained from line 
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Figure 1. Tautomerism of dibenzotetraaza[ 14lannulenes. DTAA: R1 
= H and Rz = CH3. TTAA: R1 = CH, and R2 = H. 

positions, but in the case of crystalline powders sophisticated 
two-dimensional experiments are required.33 A disadvantage of 
IH relaxometry is also the case that longitudinal relaxation of 
mobile and immobile protons is averaged by spin diffusion, which 
sometimes makes it difficult to separate proton-transfer-induced 
relaxation from other mechanisms. 

Since selective TI data as well as accurate equilibrium constants 
can be obtained by CPMAS experiments of heteronuclei dipolar 
coupled to the jumping protons or deuterons, it is surprising that 
this method has not yet been exploited. The scope of this paper 
is, therefore, to explore the possibility of obtaining rate constants 
of solid-state proton transfers from such measurements. We show 
that this goal can be achieved, for example, in the case of 15N 
CPMAS NMR of 15NH-.X proton-transfer systems which 
substantially widens the possibilities of dynamic high-resolution 
NMR in the solid state. 

As an example, we present a study of the sotid-state tautomerism 
of dimethyldibenzotetraaza[ 14lannulene (DTAA: l,8-dihydro- 
6,l 3-dimethy1dibenzo(b,i)-l5N4-( 1,4,8,1l)-tetraazacyclotetra-de 
ca-4,6,11,13-tetraene, Figure l), which was discovered several 
years ago.I5 This compound contains two intramolecular hy- 
drogen bonds embedded in six-membered H-chelate units of the 
malonaldehyde type. In the case of DTAA, the two tautomers 
to which the trans structures 1 and 2 of Figure 1 have been 
assigned15 are not degenerate because of solid-state perturbations. 
The tautomers 3 and 4 in Figure 1 are not directly observable but 
are possible intermediates of the exchange processes between 
tautomers 1 and 2. It must be noted that for the related TTAA 
evidence for the formation of all four tautomers has been 
obtained.I4 Preliminary rate constants of the process 1 to 2 in 
DTAA were obtained by 15N CPMAS line shape simulations at 
1.5 Tin a relatively small temperature range.I5 Here, this range 
is extended by line shape analysis at higher field strengths and 
I5N T1 experiments. 

In the following theoretical section, we adapt theexisting theory 
of homonuclear dipoledipole relaxation in the presence of solid- 
state proton  transfer^^'-^^ for the heteronuclear case. Both static 
powders and powders rotating at the magic angle are considered. 
After the experimental section, the results of all dynamic 15N 
CPMAS NMR experiments are described, analyzed, and dis- 
cussed. Assumptions made in order to simplify the longitudinal 
relaxation analysis under MAS conditions are corroborated by 
analysis of the frequency-dependent longitudinal relaxation in 
the case of the static powders. It is shown that the kinetic results 

Figure 2. Pulse sequence for CPMAS NMR TI measurements proposed 
by T~rchia.'~ The equilibrium magnetization is zero because of phase 
cycling of the first proton 90° pulse and of the receiver phase. 

are consistent, which establishes 15N CPMAS relaxometry as a 
tool for the study of millisecond to nanosecond proton transfers 
to and from nitrogen. 

Experimental Part 

15N-enriched DTAA was prepared from o-phenylenediamine 
according to the procedure of Lorch et al.34 modified for small- 
scale synthesis with isotopes; 15Nz-o-phenylenediamine was 
prepared as described previously.I5 

The I5N CPMAS NMR measurements were performed at 
9.12MHz (2.1-Tcryomagnet) and 30.41 MHz (7-Tcryomagnet) 
using NMR spectrometers Bruker CXP 100 and MSL 300. For 
the 30.41-MHz measurements a 5-mm DOTY high-speed 
CPMAS probe head was used, and for the 9.12-MHz measure- 
ments a standard 7-mm Doty CPMAS probe was used. The 
rotors were loaded with 10-15 mg of DTAA. During the high- 
speed measurements at 30.41 MHz, separate rotor bearing and 
driving gas supplies were employed where only the bearing gas 
was thermostated using a homemade heat e~changer.'~ For our 
probe, this procedure leads only to small temperature gradients.l" 
The sample temperatures were monitored by adding into the rotor 
a capsule containing a small amount (0.8-1.5 mg) of 15N-enriched 
TTAA (tetramethyldibenzotetraaza [ 14]ann~lene-~~N4, Figure 
1). TTAAcontributesfoursharplines tothe 15NCPMASspectra 
whose position is highly sensitive to t empera t~ re . ' ~~ ,~  All spectra 
were referenced to external solid 15NH4C1 (95%). 

The I5N TI relaxation times were measured between 225 and 
437 K using the usual pulse sequence described by Torchia where 
no proton decoupling is applied during the equilibration period 
f (Figure 2).36 Because of the phase cycling scheme illustrated 
in Figure 1, the longitudinal relaxation can be described by36 

M = M, exp(t/T,) (1) 
The spectra were taken using 90' pulse widths of 3.6 p at 2.1 
T and 5 ks at 7 T. Spinning frequencies of 6.6-8 kHz at 7 T and 
of 2 lcHz at 2.1 T allowed to obtain rotational sideband-free 
spectra. Each TI data point was calculated from a set of 6-10 
spectra with different delays between 1 ms and a time close to 
TI. Between 500 and 1000 scans were accumulated for each 
spectrum. 

Line shape measurements at 9.12 MHz were performed as 
described previo~sly.~~ The 30.41-MHz spectra were taken with 
rotor frequencies of 8.8 kHz in order to avoid complications from 
spinning sidebands. Spectral artifacts were minimized using a 
TI pulse sequence with 5 ms as waiting time.37 

Theoretical Section 

In this section we describe how information concerning the 
thermodynamics and the kinetics of proton transfer of the type 

1 I AH. ..X e 2 I A...HX 
can be obtained by high-resolution CPMAS NMR spectroscopy 
and relaxometry of the heteronuclei S = A, X embedded in 
powdered solids. The equilibrium constant characterizing eq 2 

(2) 
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increased, the two lines broaden, shift toward each other, and 
sharpen again. The equilibrium constant K12 can be obtained 
from the splitting bu at high temperatures using the equationI4 

CY b 
k1z u A  X A  - 

100 LA 
2 
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Figure 3. Calculated spectra for two single spins A and X located in an 
asymmetric molecule subject to exchange between two isomers. The 
equilibrium anstant K12 = k12/k21 of the isomerism was set to a value 
of 0.2 in all spectra. The values of kl2 increase from the bottom to the 
top. For further explanation see text. (a) Spectra calculated for the case 
that the chemical shifts of all nuclei are different. (b) Spectra calculated 
for the case where A and X are in similar chemical environments, i s . ,  
for the case of the validity of eqs 6 and 7. 

is defined by 

K12 = x(2)/x(1) = k12/k21 (3) 
kij is the rate constant of the reaction from state i to j and x( i )  
the mole fraction of state i. As a convention, we assign in this 
paper the index I to the dominantly populated state. It is 
convenient to define a correlation time 7, of the proton motion 
as follows 

(4) - 1  
7, = k12 + k2, = ((1 + K,,)/K,,J~l2 

Generally, it is assumed that the dependence of k12 on temperature 
T i s  given by an Arrhenius law 

k12 = A12 exp(Ea,*lRT) ( 5 )  

where E,,, is the energy of activation and A12 the frequency factor 
of the forward reaction (eq 2) .  

The proton transfer of eq 2 leads to a modulation of the chemical 
shifts of A and X as well as to a modulation of the dipolar AH 
and XH interaction. The expected line shape changes arising 
from the modulation of the isotropic chemical shifts have been 
calculated p r e v i o u ~ l y ~ ~ J ~  and are shown in Figure 3. Figure 3a 
depicts the case where all isotropic chemical shifts are different. 
In the slow-exchange region four lines are observed at YA( l ) ,  
YA(2), vx( l ) ,  and vx(2). The intensity ratio of lines A(2) to A(1) 
and of lines X ( 2 )  to X (  1) corresponds to K12. The intensity ratio 
of lines A(i) to X ( i ) ,  i = 1,2, should be one. Note, however, that 
in a CPMAS NMR experiment deviations from unity can be 
observed arising from differing cross-polarization dynamics of A 
and X .  When the rate constants increase, the lines broaden and 
coalesce. In the fast-exchange region, the line positions are given 
by 

VA = x(1) vA(l) + ( l  -x(1))UA(2) (6) 

vX = x( l )  vA(1) + (1 -x(l))vX(2) 

vA(1) % Vx(2) and YA(~) Vx(1) (8) 

V A ( I ) - Y A ( ~ )  = Vx(2)-Ux(I) = AU (9 )  

(7) 

The special case where 

i.e. 

is shown in Figure 3b. Only two lines are observed in the slow- 
exchange range at a distance Av. As the rate constants are 

AU - 6~ K12 = - Au + 6u 
which can easily be derived from eqs 2, 3, and 6-9. As shown 
in the results section, the l5N CPMAS NMR spectra of DTAA 
can be explained in terms of Figure 3. 

Let us now analyze the longitudinal relaxation times TI of the 
spins S = A, X determined by the experiment of Figure 2. As 
shown below, relaxation may depend on whether MAS is applied 
during the whole experiment or not. Let S = A, X be dipolar 
coupled to the mobile proton designed in the usual way as spin 
I. In the equilibration period the modulation of the dipolar 
coupling by the proton transfer according to eq 1 provides a source 
of longitudinal relaxation of the S spins according to Figure 4a 
because of the geometrical change of the proton I. ys( i )  denotes 
the bond angle AIX in state i ,  as = ys(1)  - ys(2)  the jump angle 
of the SI vector, and rsI(i) the distance between S and I in state 
i. 

The T I  value of a spin S in a pair of two dipolar coupled spins 
IS in a single crystal is given in SI units by3 

where yi. ti, and KO have the usual meanings and wi is the Larmor 
frequency of spin i. The spectral density J,(w) is the Fourier 
transform of the correlation function P ( t ) . 2 6  In principle, the 
.Im(@) depends on theangle &(i) between the internuclear distance 
vector rsI(i) in the tautomeric form i and the applied magnetic 
field BO, as shown in Figure 4b. For a single orientation, Andrew 
and Lantanowitz derived expressions for Jm(w) for the homo- 
nuclear case where I and S are protons.27 In a straightforward 
way we obtain for the heteronuclear case where spins S = A, X 
are relaxed by I for a single orientation: 

(14) 
KI 2 7, J ,  = 2R, 

(1 + K,,)' 1 + oSr: 

In order to describe relaxation of a powdered static solid and a 
solid rotating with the frequency Q, at the magic angle p = 54.7O 
between Bo and Q,, it is useful to relate the angles & I ( l )  and 
&(2) to the angles 8,4, and $defined in Figure 4b. 0 characterizes 
the angle between the vector rsI( 1) and the rotation axis Q,. $ is 
the phase of the rotation. $ = 0 when rsI(1) is located in the 
plane of the vectors Bo and Q,. Crystallites characterized by the 
same vector rsI( 1) may differ with respect to the orientation of 
the vector rs1(2). rs1(2) forms a cone around rsI( 1) with a cone 
angle as and the phase 4. 4 = 0 when rsl(2) lies in the plane 
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Finally, if one assumes spin diffusion between different 
crystallites or an isotropic molecular motion faster than longi- 
tudinal relaxation but much slower than the proton transfer, the 
decay of the longitudinal magnetization becomes truly monoex- 
ponential, characterized by the "isotropic" relaxation time 

Figure 4. (a) Nuclear arrangement of spin I jumping between two spins 
S = A, X. (b) Explanation of angles used in e q s  12-19. 

defined by the vectors a, and rsI(1). Using simple geometric 
relations, we obtain 

(1 8) Bsl( 1) = arccos(cos B cos p - sin B sin + sin p )  

Bs1(2) = arccos{cos as cos BsI(l) + 
sin a,(cos $I cos B cos + sin p - cos r$ sin B cos p + 

sin $I sin + sin p)J (1 9) 

In the absence of molecular motions and spin diffusion between 
different crystallites, the decay of the longitudinal magnetization 
M(t)  of a static powder is then given by a sum of singleexponential 
decays of the individual molecular orientations characterized by 
the angles 8, 4, +: 

Ms(t )  = NJ-o"J-02"M(t=o,e,$I,+=o) 

' ) sin8dOdb (20) 
Tls(B,4,+=O) 

N is a normalization factor. It is not possible to derive simple 
analytical expressions for the multiexponential function Ms(t)  
by combining eqs 11-20. Equation 20 can, however, easily be 
calculated numerically. 

In the case of magic angle spinning the situation is simplified. 
As long as the nuclear motions are fast as compared to the coherent 
magic angle spinning process-which is generally the case-we 
do not expect an interference between the two processes. Then, 
all spin packets characterized by the same values of B and 4 and 
differing only in the phase +will experience an averaged common 
value TI(&$) which can be calculated according to 

The resulting decay of the longitudinal magnetization under MAS 
conditions is then given by 

Ms(t )  = N~~02"Ms(r=0,8 , t$)  exp( -&)sin B d8 d$I 
TIS(hP) 

= Ms(t=O) exp - - (22) ( ;J 
Equation 22 assumes that in contrast to the case of the static 
powder relaxation under MAS conditions is monoexponential in 
practice and Characterized by an effective longitudinal relaxation 
time y. This assumption will be corroborated below theo- 
retically and experimentally. 

37, + 67, + 7, [ 1 + (OI - 1 + 027: 1 + (01 + Us)*T: 

For the case of the homonuclear relaxation among mobile protons 
a similar equation was derived previou~ly.~~ The geometrical 
factor Rsl in eq 23 is related to the parameters defined in Figure 
4a by 

rsl-3(1) rs;3(2)(1 - 3 cos2 as), s = A, x (24) 

The sum is taken over all neighboring spins I, which contribute 

It is interesting to note that eq 23 is independent of whether 
K I Z  or its inverse K 1 2  = K21 = 1/K12 is introduced since T, is 
invariant to this change and since 

to Tis. 

K12/(1 + K12)2 = R12/(1 + R12I2 (25 )  
Therefore, neglecting possible small differences between the 
quantities RAI and RXI the two lines in Figure 3b will be 
characterized by the same TI value. 

Experimentally, the values y are measured. The data 
analysis of ?? is, however, much easier. Therefore, we set in 
approximation 

G =f(k12,~12,rSI(l),rsI(2),crs) = = 

As discussed above, it is possible to obtain the value of Kl2 di- 
rectly from the CPMAS NMR spectra using eq 10 which leaves 
only kl2 and RSI as unknowns. In a narrow temperature region 
where klz can be described by an Arrhenius law, the activation 
energy E,,, can be calculated from the slope of the curve In TI 
vs 1/T. Equation 23 predicts that Tlspasses througha minimum 
at a given value of the correlation time 7, which is determined 
by the Larmor frequencies OS and 01. From the known value of 
 TIS,^^,, the unknown factor Rs1 can be obtained. Once the 
minimum is known, the frequency factor A12 can be obtained or 
each TIS value can be converted into a value of kl2 without the 
need of eq 5. Since k12 is also the parameter extracted from the 
low-temperature line shape analysis, both methods can then be 
directly compared. 

In order to estimate the systematic error made introduced by 
the assumption of eq 26, we calculated the magnetization decay 
curves of a powder rotating at the magic angle using eqs 12-21 
for various parameter sets. The resulting multiexponential de- 
cays were found to be monoexponential as assumed by eq 22, and 
y was obtained by nonlinear least-squares fitting. At the 
same time the values of e were calculated using eq 23. The 
ratios y / T ; "  obtained are plotted in Figure 5a as a function 
of the hydrogen bond angle y = y ~ ( 1 )  = yx(2) defined in Figure 
4. In Figure 5b, the same ratio is plotted as a function of T ,  for 
different values of y. In the dynamic range covered y is 
always only a few percent larger than '??, and the ratio 
y/ T;" remains fairly constant besides a small reduction when 

f(k12,Kl2,~S,) = Tl (26) 
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where C is a constant depending on the CSA and proportional 
to the square of the magnetic field 

Results and Discussion 
Kinetics and Thermodynamics of the DTAA Tautomerism 

Studied by Total I5N CPMAS NMR Line Sbape Analysis. Since 
the rate constants of the tautomerism of DTAA obtained 
previously by l5N CPMAS line shape analysis of 6.082-MHz 
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Figure 6. Superposed experimental and calculated I5N CPMAS NMR 
spectra of 95% I5N-enriched DTAA at 9.12 MH42.1 T (a) and 30.41 
MHz/7 T (b) as a function of temperature. Reference: external I5N&1. 
X I  is the probability of the dominant tautomer and k12 the forward rate 
constant. The spectra are scaled in frequency units to show the influence 
of the different field strength. (a) 6-14-ms cross-polarization times, 
%kHz sweep width, 2.7-s repetition time, spinning speeds 2 kHz. Number 
of scans 3000 on average. The line width in the absence of exchange was 
takenfromthespectraat 142K. (b) Sharppealamarked withanasterisk 
arise from the presence of the chemical shift thermometer TTAA (Figure 
l).I4 2-6-ms cross-polarization time, 7-kHz sweep width, 3.34 repetition 
time, spinning speeds 8.8 kHz. Number of scans 1000 on average. 

spectra were preliminary, we measured additional data by 
repeatingexperimentsat 9.12and30.41 MHz where thedynamic 
range of the method is larger. These experiments were also done 
in order to reach the milli- to microsecond time scale where line 
shape analysis and relaxometry can be directly compared. Some 
typical spectra are shown in Figure 6a,b. As described in the 
experimental section, a small amount of TTAA (see Figure 1) 
was added as a chemical shift thermometer to thesamplemeasured 
at 30.41 MHz, leading to the four sharp temperature-dependent 
lines in Figure 6b marked by asterisks. By simulation of these 
lines both the sample temperatures and the line widths in the 
absence of exchange were determined. At low temperatures 
DTAA contributes two sharp lines to the spectra with the 
separation Av. The high field line arises from the protonated 
nitrogen atoms and the low field line from the nonprotonated 
atoms. The lines broaden with increasing temperature, move 
inward, and sharpen again. As the temperature is further 
increased, the reduced line separation 6v decreases further. These 
line shape changes follow those of Figure 3, Le., are typical for 
the presence of two unequally populated interconverting tauto- 
meric states 1 = NAH-Nx 

Using eq 10, the equilibrium constants K12 of the tautomerism 
werecalculated from the lineseparations in the temperaturerange 
between 225 and 436 K. They are assembled in Table 1. The 
low-temperature value Av = 154.7 ppm was taken from the 110 
K spectrum. A linear dependence of In K12 vs 1 / T was observed 
(Figure 7) described by 

2 NA-HNx. 

K,, = 1.16 exp(412.5/T) (29) 
from which a reaction enthalpy of A H 1 2  = 3.4 * 0.08 kJ mol-' 
and a reaction entropy of A S 1 2  = 1.24 * 0.1 J K-l mol-' are 
calculated. These values agree very well with the values of of 
AH12 = 3.8 kJ mol-' and AS12 = 2 J K-l mol-', which were 
reportedprevi0us1y.I~ Thereaction entropyis minimalasexpected 
for a reaction where only two protons are transferred. The 
observation of a smooth van't Hoff curve in Figure 7 indicates 
the absence of a phase transition in the temperature range covered. 
Therefore, an orderldisorder transition expected in the case of 
a dependence of the K12 values of a particular molecule on the 
tautomeric states of neighboring molecules is absent. The 
potential curves of the proton motion of the individual molecules 
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TABLE 1: Equilibrium Constants of the DTAA Tautomerism 
in the Solid State 

6U 6U 6U 

T(K) (ppm) KIZ T(K) ( P P ~ )  KIZ T(K) (ppm) KIZ 
220 107.2 0.182' 269 91.1 0.258b 348 73.4 0.356' 
225 106.3 0.185b 272 90.5 0.262' 349 73.5 0.356" 
228 104.7 0.192b 278 90.8 0.2600 351 73.1 0.358' 
230 105.0 O.19lb 278 90.3 0.263b 356 71.8 0.366' 
235 103.1 O.2OOb 285 87.6 0.277' 361 70.8 0.372" 
239 99.9 0.215' 288 87.9 0.275b 364 70.2 0.376' 
241 100.9 O.21Ob 292 86.0 0.285" 366 70.0 0.377' 
242 100.6 0.212b 300 84.5 0.294b 373 68.6 0.385" 
249 99.1 0.219b 306 82.5 0.304b 377 67.8 0.3900 
251 98.3 0.223b 316 80.7 0.314' 385 66.3 0.4000 
256 96.7 O.23lb 318 80.2 0.317' 391 65.6 0.404" 
256 95.9 0.235" 326 78.5 0.327" 404 62.7 0.423' 
259 96.2 0.233b 333 77.6 0.332" 419 60.1 0.44W 
260 95.1 0.238b 337 76.0 0.341' 429 58.3 0.452" 
263 93.5 0.246b 344 74.9 0.348' 436 57.0 0.462' 
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30.41-MHz data. 9.12-MHz data. 

TABLE 2 Rate Constants of DTAA Tautomerism in the 
Solid State 

T (K) kiz T (K) kiz W 1 )  T (K) k12 (8-l) 

Hoelger et al. 

TABLE 3 TI Relaxation Times and Rate Constants of the 
DTAA Tautomerism in the Solid State 

160 178b 179 105W 193 497W 
162 125' 180 157W 195 5 4 w  
163 25ob 185 210w 199 735ob 
171 638b 187 248OC 199 585W 
173 377' 189 16500 205 1200oE 
175 638b 189 3 2 W  214 -2500W 

a I5N CPMAS NMR line shape analysis at 6.082 MHz according to 
ref 15. 15N CPMAS NMR line shape analysis at 9.12 MHz. 15N 
CPMAS NMR line shape analysis at 30.41 MHz. 
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Figure 7. van't Hoff diagram of the tautomerism of solid DTAA. 

are, therefore, decoupled in good approximation and are inde- 
pendent of temperature. 

The fact that in the fast-exchange regime only two lines are 
observed in the 15N CPMAS NMR spectra of solid DTAA 
indicates that the two NH-sN proton-transfer units of DTAA 
are characterized by the same equilibrium constant. This means 
that only two tautomeric states are observed for DTAA, to which 
the structures 1 and 2 shown in Figure 1 are assigned. In these 
states, the van der Waals interactions between the labile protons 
are minimized. In the gas-phase states 1 and 2 are degenerate; 
in the solid state, the degeneracy is lifted by solid-state interactions. 
The protons jump stepwise between states 1 and 2 involving states 
3 and 4 as intermediates; this follows by analogy to TTAA where 
the latter are directly observed.14 

The rate constants obtained by line shape analysis are listed 
in Table 2. Assuming an Arrhenius law, we obtain the frequency 
factors and activation energies listed in Table 3. These data are 
discussed later in more detail. 

Relaxation Time Measurements. The 15N TI  relaxation times 
of DTAA were measured at 9.12 and 30.41 MHz under MAS 
conditions in a wide temperature range; in addition, some 
measurements were performed at 30.41 MHzfor DTAA partially 

T(K) TI (s) kiz (lo6 s-') T(K) TI (s) kiz (106 s-I) 

277 
285 
292 
316 
318 
326 
333 
337 
344 
348 
349 
351 

225 
228 
235 
24 1 
242 
249 
25 1 
256 
259 
260 
263 
269 
278 
288 
299 
300 

- 50 
19.5 
17.1 
7.2 
6.4 
4.9 
3.7 
3.0 
2.02 
2.40 
2.36 
2.57 

68 
59 
41 
33 
28 
12.9 
13.4 
12.4 
8.1 
9.1 
7.3 
5.9 
4.0 
2.3 
1.6 
1.7 

30.41 MHz 
0.61 356 
1.58 361 
1.82 364 
4.1 366 
5.0 373 
6.4 377 
9.0 385 

11.4 391 
18.3 404 
14.8 419 
17.5 429 
13.8 436 

9.12 MHz 
0.05 1 306 
0.059 316 
0.086 324 
0.108 333 
0.127 336 
0.279 346 
0.270 355 
0.291 358 
0.449 370 
0.400 373 
0.501 379 
0.625 392 
0.935 403 
1.65 413 
2.46 425 
2.31 

2.18 16.7 
1.84 20.9 
2.27 16.0 
1.97 19.1 
1.35 36.0 
1.37 34.7 
1.17 a 
1.14 a 
1.18 a 
1.46 126 
1.04 a 
1.47 131 

1.32 3.05 
0.85 5.20 
0.79 5.75 
0.63 8.23 
0.60 9.06 
0.44 a 
0.46 a 
0.54 22.7 
0.56 27.3 
0.56 27.3 
0.65 38.9 
0.79 59.8 
0.87 75.8 
0.84 72.9 
0.92 94.0 

a Since Ti < T1.h" no rate constant can be calculated. 

lms lOOms 200ms 300ms 400ms 500ms 

Figure 8. I5N CPMAS 7'1 experiment performed on solid DTAA at 9.12 
MHz at 353 K under MAS conditions. Spectra between 275 and 50 
ppm, reference external I5NH~C1. 

deuterated (deuterium fraction D = 0.8) in the mobile proton 
sites. A typical 9.12-MHz experiment performed at D = 0 and 
353 K is shown in Figure 8. As predicted by eq 23, we obtain 
the same values for both lines. Note that common 2'1 values 
could also result from a moderately fast spin diffusion between 
15N atoms, in view of the 95% enrichment with this isotope.20a21 
The TI values measured at D = 0 are assembled in Table 3 and 
are plotted in Figure 9 in a logarithmic scale as a function of 1/T. 
As can be inferred from Figure 9, deuteration in the mobile proton 
sites drastically increases the relaxation times which proves that 
the 15N T1 values of DTAA are dominated by proton-transfer- 
induceddipolarrelaxation. At9.12MHzandD= Othisrelaxation 
mechanism is even the only one as shown in the following. The 
appearance of a T1 minimum at about 350 K allowed us to obtain 
the activation energy E,,, of proton transfer, the frequency factor 
Alz, and the geometric factor RSI by nonlinear least-squares fitting 
of the data to eq 23 (Figure 9a). Next, we tried to fit the TI 
values at 30.41 MHz with the same parameter set. This led to 
a small systematic disagreement between the experimental data 
(Figure 9b) and the calculated curve of Figure 9c. Fitting the 
30.41-MHz data directly to eq 23 leads to the same activation 
parameters but to a slightly larger geometric factor RSI, which 
was unsatisfactory. The disagreement could be overcome by 
including a term arising from proton-induced CSA relaxation 
according to eqs 27 and 28 whereonly theconstant Cwas adapted. 
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TABLE 4 Arrhenius Parameters of the Tautomerism of DTAA in the Solid State 
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temp range (K) Ea (kJ/mol) log@ 12/s-1) method' 
1795 T I 2 1 4  27.0 & 1.2 10.9 f 0.3 TLA (30.41 MHz)" 
160 I T I 199 25.3 & 0.3 10.5 f 0.1 TLA (9.12 MHz)" 
162 I T I 189 23.9 t 3.8 9.9 i 1.3 TLA (6.08 MHz)"* 
225 I T I 425 30.2 f 0.4 11 .7f0 .1  Ti(9.12 MHz), C, = O;RNH = 0.605 & 0.017" 
277 I T I 425 32.0 0.4 11.98 i 0.14 Ti(9.12 MHJz), C, = O,CRNH = 0.628 f 0.018" 
277 I T 5 436 Ti(30.41 MHz), C, = 0,' RNH = 0.868 & 0.047" 
225 I T I 436 Ti(9.12 MH~/30.41 MHz), C, = 54 f 4: RNH = 0.601 f 0.023" 
277 I T I 436 Ti(9.12 MHz/30.41 MHz), C, = 56 k ~ ? R N H  = 0.610 & 0.025" 

32.4 f 1.2 
30.5 f 0.5 
32.0 i 0.8 

12.0 * 0.14 
11.7 f 0.1 
11.9 f 0.1 

a These values differ slightly from the preliminary values reported pre~iously:'~ klz = lo7 exp(-14.7 kJ mol-I/RT) s-l). Values obtained by the 
data set reported in ref 15 by neglecting the uncertain low-temperature value. ' Value of C/ppm in eq 16 arisingh from longitudinal relaxation via the 
chemical shift anisotropy at 7 T. Unit is Ad. TLA = total line shape analysis. 
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Figure 9. Dependence of the I5N longitudinal relaxation times TI of 
polycrystalline DTAA powders rotating at the magi!: angle as a function 
of the inverse temperature and at two deuterium fractions Din the mobile 
proton sites. (a) 9.12 MHz, D = 0; (b) 30.41 MHz, D = 0; solid lines 
calculated according to eqs 23, 27, and 28 using the parameters Ea,l = 
30.2 kJ mol-l, logA12 = 11.7,R = 0.605 X 10-6Om4, C = 0 at 9.12 MHz, 
and C = 56 ppm at 30.41 MHz; (c) Calculated with the same parameters 
exc ept that C = 0 ppm at 30.41 MHz. (d) D = 0.8, 30.41 MHz; the 
dotted line is only a guide for the eye. 
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Figure 10. Evaluation of the NH distance from the geometrical factor 
RSI for DTAA. 

Finally, the 9.12- and 30.41-MHz data were fitted simultaneously 
to eqs 23, 21, and 28 by adapting Ea,,, A12, &I, and C leading 
to the solid lines in Figure 9a,b. 

All fit parameters are assembled in Table 4. In the last stage 
of the data analysis we used the best values of Rsl= 0.61 Ad and 
C = 56 ppm to interconvert the experimental TI values into k12 
values for better comparison with the data obtained by total line 
shape analysis. These constants are also listed in Table 3. The 
data obtained at D = 0.8 were not analyzed because of the low 
deuterium content and difficulties with dedeuteration during the 
experiments. We estimate that the ISN TI values are still 
dominated by the transfer of the hydrogen isotopes and not by 
other motions; however, it is not easy to separate the CSA 
contribution from relaxation induced by mobile dueterons and 
mobile residual protons. Furthermore, at very long T I  values, 

intermolecular spin diffusion with protonated DTAA molecules 
play a role leading to the observed change of the slope of log 
TI(D-0.8) vs 1/T. 

Geometrical Information from the CPMAS 15N TI Measure- 
menb Performed on DTAA. In this section we show that the 
geometrical factor RSI obtained experimentally is in good 
agreement with the molecular structure of DTAA which further 
corroborates the above data analysis. For this purpose we set in 
the geometric model of Figure 4a y ~ ( 1 )  = 7 4 2 )  = y, YA(2) = 
yx(1) Y', r d 1 )  = r~x(2)  = r~1(1)  = rxr(2) "H and 
r~1(2)  = rxl(l) = rir[H. Then, the jump angle defined in Figure 
4 can be expressed as 

CYN 7 - 7' = 7 - arccos(rNN - rNH COS ~ ) / F & H  (30) 
m~ is the distance of the two I5N atoms in the NH-N hydrogen 
bond, m~ the short IH-I5N distance, and r'NH the long H-.N 
bond. The latter can be expressed by 

rkH = (r"' - 2rNNrNH cos 7 - rNH2)'" (31) 
Unfortunately, a crystallographic analysis of DTAA is not 
available. However, in good approximation, we can use the data 
obtained by Goedken et al.3s for TTAA which indicate that m~ - 2.69 A and y = 30°. The latter value is only approximate 
because of the difficulties in localizing the mobile hydrogen atoms 
by X-ray crystallographic analysis. By combining eqs 30 and 3 1 
with eq 24, it is possible to calculate the approximation N-H 
distance of the mobile protons as a function of y. The result is 
shown in Figure 10. As usual, distances obtained from dipolar 
couplings are average cubic values, Le., h~ = (rNH-3)-1/3 which 
do not necessarily coincide exactly with those obtained by other 
methods. The deviations are such that distances are obtained 
which are smaller than expected for the equilibrium position in 
the case where the potential function is harmonic. Larger values 
may be obtained in the presence of residual motional averaging 
processes or of a strongly anharmonic potential at high degrees 
of excitation. For RSI = 0.61 Ad and y = 30° we obtain m~ 
= 1.03 f 0.01 A from the 9.12-MHz data set, which is a very 
reasonable result. Changing the value of y did not significantly 
change the value of mH as illustrated in Figure 10. On the other 
hand, if we apply the value of R = 0.868 A4 (Table 4) calculated 
from the 30.41-MHz data without taking into account the CSA 
correction, we obtain m~ = 0.98 f 0.01 A, which is still of the 
correct order but seems to be too small for moderately strong 
intramolecular NH-N hydrogen bonds. Thus, the resulting NH 
distance is about 1.03 A, demonstrating that dipole-dipole 
relaxation between the I5N nucleus and the moving proton is the 
exclusive relaxation mechanism at 9.12 MHz and the dominant 
mechanism at 30.41 MHz where CSA relaxation makes a small 
contribution. If experiments were performed only at high 
magnetic fields, a minor systematic error would arise in the 
determination of the rate constants as the data would not permit 
separation of the CSA contribution. Thus, it is evident that IsN 
TI measurements should be made at lower rather than at higher 
field strengths. 

- 
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3mr 100ms 200ms 3OOms 400ms 500ms 

Figure 11. ISN CP TI experiment performed on the static powder of 
DTAA at 9.12 MHz and 353 K. The spectra are shown between 650 
and -250 ppm. The letters A and X refer to the notation in Figures 3, 
4, and 6. The calculated spectra were obtained with the following 
parameters whose derivation is described el~ewhere.)~ Chemical shift 
values of nonprotonated nitrogen atoms in the slow-exchanger regime: 
u11 = 487 ppm, 422 = 256 ppm, u33 = -47 ppm. Chemical shift values 
of protonated nitrogen atoms in the slow-exchange regime: 011 = 169 
ppm, u22 = 80 ppm, 0 3 3  = -1 1 ppm. Short and long nitrogen-hydrogen 
distances: WH = 1.04 A and r'NH = 1.92 A. Euler angles relating the 
NH vectors to the corresponding chemical shift tensors: (YD = 28'. BD 
= 90° for ~ N H  and QD = 57O, &I = 90° for r h .  Euler angles relating 
thetwoCSAtensors: a== 39",@,= Oo,y,= Oo. Dynamicparameters 
as described in the text. 

Effects of the Orientation Dependence of the Longitudinal 
Relaxation. In order to estimate the error made by analyzing the 
longitudinal I5N relaxation of static or rotating DTAA powders 
in terms of eq 23 which is strictly valid only for the isotropic 
average, we proceeded as follows. In Figure 1 1  the results of a 
longitudinal 15N CP T I  experiment performed on the static DTAA 
powder at 353 K, D = 0 and 9.12 MHz are shown. These results 
can be directly compared with those of Figure 8 where all 
conditions were the same except that MAS was employed. The 
spectra of Figure 1 1  consist of two subspectra for the two 
chemically inequivalent 15N atoms exhibiting features typical 
for nonaxial CSA tensors. Such experiments are very tedious 
because of the broadness of the lines and the associated low signal- 
to-noise ratio. The line shapes change slightly with the delay 
time. In particular, as can be inferred from Figure 1 1 ,  the low 
field and center parts of both subspectra decay faster than the 
high field parts. These changes can be explained in terms of a 
dependence of the longitudinal relaxation on the orientation of 
the various crystallites with respect to the magnetic field BO. As 
shown in Figure 1 1 ,  the spectra could be simulated taking into 
account eqs 6-19 and the additional parameters given in the 
legend of Figure 1 1.  The latter were derived by line shape analysis 
of DTAA powders protonated and deuterated in the mobile proton 
sites. These experiments will be described elsewhere.39 

The resulting integral magnetizations for both the MAS 
experiment in Figure 8 and the static powder experiment in Figure 
1 1 are plotted in Figure 12 as a function of time. The solid curves 
in Figure 12 were calculated numerically using eqs 11-21 and 
the same parameter set determined in the previous section. It is 
evident that the decay of magnetization is nonexponential in the 
case of the static powder and slower than in the MAS experiment. 
As mentioned in the theoretical section, there is almost no 
difference between the curves calculated for the isotropic and 
MAS conditions. This result justifies the use of eq 23. 

Comparison of the Rate Constants of the DTAA Tautomerism 
Obtained by 15N CPMAS NMR Line Shape Analysis and ISN 
CPMAS Measurements. In order to compare the kinetic data 
obtained by line shape analysis and the TI method, each T I  value 
was numerically converted using eq 23 into the corresponding 
rate constant k12 of the forward proton-transfer process defined 
in Figure 1 as mentioned above. For this purpose it was not 
necessary to assume an Arrhenius-type behavior of the rate 
constant. It was therefore possible to construct a single Arrhenius 
diagram from thedata obtained by the different methods as shown 
in Figure 13. Fortunately, it was possible to obtain k12 values 
both from total line shape analysis as well as from T I  analysis 

o !  I I I I I 8 I I s b  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
t/sec 

Figure 12. Plot of the integral signal intensities of Figures 8 and 11 as 
a function of time: (0, - - -) experimental and calculated values (using 
eq 23) for the static powder; (A, -) experimental and calculated values 
(using eq 22) for the powder rotating at the magic angle; (-) calculated 
(using eq 23) for the case of isotropic longitudinal relaxation. 
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Figure 13. Arrhenius curve of the tautomerism of DTAA in the solid 
state. 

1000/T [1/K] 

in the milli- to microsecond range around 220 K. The agreement 
between both methods in this range is very satisfactory. This 
result is a further corroboration that the above-mentioned 
relaxation analysis is consistent. 

On the other hand, it follows from Table 3 that the energies 
of activation as well as the preexponential factors of the DTAA 
tautomerism depend slightly on the temperature range where the 
rate constants are measured; Le., the Arrhenius curve exhibits a 
slight concave curvature. This observation cannot arise from the 
use of two different methods for the determination of the rate 
constants because both methods agreevery well in the overlapping 
temperature range. Therefore, we are convinced that the 
nonlinearity of the Arrhenius curve in Figure 13 is real. The 
simplest way to describe the curve is to use a sum of two 
exponentials 

A nonlinear least-squares fit of the data leads to the values of log 
Ayz = 10.3 f 0.8, = 25.2 f 2.4 kl mol-' and log A:2 = 12.1 
f 0.2, E:, = 33.5 f 2.4 kl mol-'. The temperature dependence 
of the backward rate constants can be obtained by a combination 
of eqs 29 and 32. The agreement between experimental and 
calculated rate constants is very good as illustrated in Figure 13. 
Fitting the data to a simple Arrhenius equation gives the 
parameters E,,, = 29.1 i 0.4 kJ mol-l andlog ,412 = 11.5 * 0.2. 
The error margins of these parameters are smaller than in the 
four-parameter case because the errors of the latter are inter- 
related. However, the least-squares sum is much smaller in the 
four-parameter case. 

We omit a more detailed discussion of the origin of the 
nonlinearity of the Arrhenius curve but note that it might arise 
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according to from a contribution of proton tunneling. 
Tunneling is even manifest when analyzing the data in terms of 
the Arrhenius equation because the frequency factor obtained in 
this case is much smaller than I O l 3  s-l as expected for a reaction 
where entropy does not change substantially along the reaction 
pathway. 

Conclusions 

It has been shown theoretically and experimentally that rate 
constants of millisecond to nanosecond proton transfers in 
crystalline powders can be determined by studying the longitudinal 
relaxation under CPMAS NMR conditions of heteronuclei whose 
dipolar interaction to the mobile protons is modulated by the 
proton transfer. The CPMAS conditions minimize systematic 
errors arising from orientation-dependent TI values in powders, 
signal-to-noise problems usually present in the NMR spectroscopy 
of heteronuclei, and enable the determination of the equilibrium 
constants necessary to interconvert the TI values into rate 
constants. In the future kinetic hydrogen/deuterium isotope 
effects could be measured by combination with 2H NMR TI 
measurements performed on the static or rotating powders. 
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