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NMR Power Spectra / Reaction Kinetics / T, Relaxation

An alternative method of evaluating chemical rate constants from NMR measurements
is proposed. The integral over the NMR power spectrum depends on the life times of
reacting species in contrast to the integral over the conventional phase sensitive NMR
spectrum. Using this effect the range of measurable rates can be increased by about two
orders of magnitude as compared to those obtained with the line shape method.

From integrated power spectra also the ratioTefto a precisely known reference
Ty can be determined. Inhomogeneous magnets do not deterirateus obtained.

1. Introduction

The influence of chemical exchange on the line shape of spectra is not re-
stricted to NMR and EPR spectroscopy. It has also been used to determine
chemical rates of very fast reactions from line broadening with Raman- or in-
frared spectra. The evaluation of these spectra was performed in analogy to
the equations developed for NMR spectroscopy. The increase of the line width
in vibration spectroscopy is thus cortigcobtained. However, a difference be-
tween NMR (or EPR) and vibration spectroscopy remains: While in magnetic
spectroscopies the integrals over the resonance lines depend neither on the re-
laxation timesT, nor on fast chemical exchange, the corresponding integrals in
vibrational spectroscopies decrease Matt chemical exchange [1]. The phys-

ical reason is that in NMR spectroscopy the signal is proportional to the real
component of the complex magnetizati@nwhereas in vibration spectroscopy

the signal is proportional t& E* , the norm of the complex electric fiele. The
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power spectrum in NMR spectroscopy is proportionalaG*, therefore the
integral over the NMR power spectrum depends on fast chemical exchange in
analogy to vibrational spectra.

2. Theory

Powerful methods for the evaluation dfiemical rate constants using NMR
techniques have been developed and optimised even for complicated chemical
systems [2]. The present method will bEparticular advantage with weakly
kinetically broadened NMR spectra whestablished techniques are most sen-
sitive towards experimental error.

For the most simple reaction of the type

A=B (1)

the complex magnetization is proportionalGd3] with:

i Ta + T+ TaTe (@A P + 0t Pa)

G= 2
(A+apta)A+0gTs) —1 @

where
aA=1/T2A—27'[i(vA—v) and (¥B=1/TZB—27Ti(VB—U). (3)

pa and pg are the proton fractions, andzg the life times, and’,, andT, the
relaxation times of A and Bu is the frequency and, the resonance frequency
of speciek (k= A or B). From Eqg. (2) the normal phase sensitive NMR spec-
trum (index n)S,(v) of system (1) is given by:

SW(U) = KnCGr(-:‘aI- (4)
K, is a constant independent of the kinetics anelc, + cg is the total concen-
tration. The corresponding power spectrum (inde$49y) for reaction (1) with
G*, the conjugate complex @, is:

S,(v) = K,cGG* . (5)

I, the measured integral &,(v) overv is
I, = / S.(v)dv =nK,c. (6)

I, is independent of reaction times, relaxation timesl, and the chemical
shift. However, the corresponding integtalover S,(v) does depend on these
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parameters:
I, = / Swdv=nKpc- flz, Tx, (va —ve)]. (7)

The evaluation of rate constants using the integral method is superior to the
line width technique for rather fast or rather slow reactions where changes in
line width due to chemical reactions are comparable to or even smaller than
changes of line widths, which are dteinhomogeneous magnets. An experi-
mental example will be discussed in Sect. 4.2.

For kinetically decoupled slow exchange— oo) | is given by:

5™ = K oCpy T (8)

The integration is extended either over the resonance @-AA) or over
B (k= B). For extreme fast exchange — 0) |, is given by:

1570 = 7K ,CTong (©)
where
ToaT.
T2AB — 2A 12B (10)

PaT2s+ PsToa .

To evaluate the kinetics of reaction (1) the intedgaaind I > or, for fast
exchange| ;*0 are measured. This is achieved by adding to the probe a ref-
erence substance with a single NMRaeance line not subject to chemical
exchange. (Also a non-exchanging line of the molecule under investigation or
a capillary filled with the reference substance inserted into the sample as an ex-
ternal reference may serve this purgppsThen one obtains for slow exchange
(with indexk = A or B):

ka = (r;) Tzref (11)

and for fast exchange:

Tons

|
=0 __ n
n

The terms in brackets take care of different concentrations of the exchang-
ing protons and of not exchanging protons of the reference. The relaxation
timesT, and the proton fractiong, are available from independent measure-
ments.
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Let the kinetic damping factdf be defined as the ratio of the measured ki-
netically decreased integrg) of the power spectrum and that obtained for the
kinetically decoupled integrals (8) or (9}.is then for slow reactions:

| | |ref Tref
Ro==x = (l—) (I—) = (13)
pk p n 2k

For fast reaction$ is given by:

| | | ref Tref
F=—t =2 <—> 2, (14)
1=0 e Ih ) Tons
In Table 1 calculated data fdf as a function oft and the corresponding in-
crease of the line widths due to chemical exchangg’s" are listed.Av} , is

the line width due tdT, relaxation andAv$’s" is the increase ofv,, due to
chemical exchange.

Tablel. Calculated values of line width and damping fackoms function of life timer.
Toa=Toe=18,7a =1 =7, AV}, =0.318 Hz.

slow exchange fast exchuy —vg| =100Hz  |vy —vg| = 1000 Hz
T Fslow A Vi;(g h T Ffast A Vi;(g h Ffast A Vf;(g h
S Hz S Hz Hz
10 1.000 0.000 16 0.020 15.7 * *
100 0.990 0.003 310* 0.063 4.71 * *
30 0.967 0.011 10 0.169 1.57 * *
10 0.909 0.032 %x10° 0.403 0.471 0.007 a7
3 0.750 0.106 1€ 0.670 0.157 0.020 15.7
1 0.500 0.318 X 10° 0.871 0.047 0.065 4.71
0.3 0.230 1.061 16 0.953 0.016 0.169 157
0.1 0.091 3.183 %1077 0.985 0.005 0.403 0.471
0.03 * * 108 0.999 0.0002 0.953 0.016

* Intermediate exchange rates

2.1 Theline shape method

For slow reactions two Lorentzian curves separated by the chemical shift are
observed whose line widthsv,,, are given by kK= A or B) [3]:

1 , 1
Avyp=—+ A"+ — 15
V12 Ta T AV, + oy (15)
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Avyh is the increase of the line width due to inhomogeneous magnets [see ap-
pendix A, Eq. (A3)]. It may be reduced considerably by deconvolution using an
internal reference signal [4]. With less th&1% error equation (15) is valid if

Tlvpa —vg| > 5. (15a)

With short life times only one Lorentzian line is observed and the half line
width Av,; is:

1 ,
AV =t Avy+ AT (16)
with
AT = 4w P Pa(va — ve)*(Ta+ Te) - (16a)

Equation (16a) may be used with less than 1% error if
pA pB|VA — vB|(TA+TB) < 003 (16b)

Equations (15)—(16b) are valid for the normal and for the power NMR spec-
trum.

2.2 Theintegral method

The half line width of power spectra with chemical exchange is calculated to be
(see Appendix A):

-F
xch
Avf/g = ﬁ . (17)
Equation (17) is valid for fast and for slow exchange. Restrictions (15a) and
(16b) apply also to Eq. (17).
For slow reactions, is conveniently evaluated by (see also [5]):

TxF
= . 18
“TI1oF (18)
For the evaluation of fast reactiomg is obtained by:
1-F
(19)

A = .
AT an2 PaP3(va — v8)2Tons F

The correct use of Eq. (19) presupposes the applicability of Egs. (16)—(16b).
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3. Thedetermination of T, from integrated spectra

An additional application of integrated NMR spectra is the measurement of
the true relaxation tim&, using inhomogeneous magnets in systems without
chemical exchange.

If a substance with a single line spectrum and a precisely kripwsavail-
able it may be added to the probe and serve as a reference.

From Egs. (11) and (12) the true relaxation tifi3ds obtained:

1Y T e

T,= <|—> IT‘;TZ i (20)
n P

The evaluation off, with the integral method [Eq. (20)] may be advantageous

compared with the competing spin echo methods [6], (especially with low con-

centration samples and with multiline spectra).

4. Experimental

All measurements were performed using a 600 MHz Bruker NMR spectrom-
eter. The solutions were free of oxygen.

Two examples using the proposed gri@tion method will be presented.
The first one is the exchange of water molecules with the gem OH groups in
chloral hydrate. This reaction displays a strong kinetic damping coefficient:
(F =0.0141).

As a second example the interaction of acetate ions,(d &8s solvent with
the two Lewis acids BO* and CHCOOD was investigated at three tempera-
tures. This system with a kinetic damping coeffici€nhear unity £ ~ 0.95)
demonstrates the advantage of thegnal method as compared with the line
shape technique.

4.1 The hydration kinetics of chloral hydrate

CI3CCH(OH), + H,0 = CI;CCH(OH), + H,0 (21)

The measurements were performed witb solutions, one using a 5 mol%, the
other a 10 mol% solution of chloral hydrate in® containing (5 or 10 mol%)

D,0 for lock in, both at 25C and pH= 3.0. The aldehyde proton of chloral
hydrate served as an intramolecular reference. Figure 1 displays a spectrum in
a 10 mol% chloral hydrate solution.

The results are listed in Table 2.

Earlier measurements in a 60MHz spectrometer [7] with 5mol%
CI;CCH(OH), using the Luz Meiboom method [8] lead t¢ClI;CCH(OH),) =
140ps. With 60 MHz, reaction (21) runs with fast exchange rate and Eq. (16)
is valid.
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Fig. 1. The normal and the NMR power spectrum of 10 mol% chloral hydrate in water.
Temp. 258C, pH = 3.0, T,(H,0) = 3.8s, T, = 1.44 s for the aldehyde and the gem-
diol protons of chloralhydrateF = 0.119. N = §, (normal NMR spectrum),P = S,
(power NMR spectrum). The two spectra have been calibrated suclS;fhat%ef. Then:

Sa = Tone FSn-

Table2. Proton exchange between chloral hydrate and water=p8i0, Temp.= 25°C,
T, = 1.44 5, T,(H,0) = 3.8 5, T,(Cl;CCH(OH),) = 1.44 5,7 = 7(Cl;CCH(OH),). Equa-
tion (16): = from line width. Equation (19)t and Avfjgh from integrals.

chem. shift pa I./IF 1/IF"  F  Avis'exp  tus TS  AvgstHz

HZz* HZz** Eq.(16) Eq.(19) Eg.(19)
1950 0.05 369 1.27 0.0142 36.0 17 2.94 6.34
1730 0.10 16.2 4.38 0.119 84.4 28 0.24 0.73

* Taken from [7].** Corrected for inhomogeneous magnat;; = 1.0 Hz.

The reason for the large difference ofobtained by either the integral
or by the line width method is the larger chemical shift in a 600 MHz spec-
trometer. Then reaction (21) is too slow and Egs. (16) and (19) can not be
applied.

Although the present measurements do not provide new kinetic results they
show that the amplitude of the power spectrum is strongly reduced by the pro-
ton exchange reaction in reaction (21).
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4.2 Thekinetics of reactions (22) in D,O

D;O" +CH;COO = CH;COOD+D,0 (22a)
and

CH,;COOD 4 CH,COO™ = CH;COO + CH,COOD (22b)

Only the integral method is suitable for the kinetic investigation of reac-
tions (22), since the increase of the line width due to chemical exchange is
smaller than @2 Hz whereas the kinetic damping factoiis near 0.95. Diox-
ane was chosen as reference.

4.2.1 The proton relaxation times T, of CH;COOD and CH;COO~

Reactions (22) are too fast for kinetic NMR measurements at pH < 2 using
either the line width or the integral method since the proton fraction of
CH;COO  is nearly zero. The corresponding is true at high pH with negli-
gible concentration of CECOOD. The concentrations of GBOO™ and of
CH3COOQOD in both probes were 20 mM. The concentration of dioxane protons
was similar to those of CECOO~ or of CH;COOD.

The measurements with the spin echo method were performed according to
Hahn [6] using ten echoe§,* was determined in a third probe with 20 mM
dioxane in DO. The results for acetate and those for acetic acid are listed in
Tables 3 and 4.

Table3. Relaxation timeT,(CH;COO"). 0.02 M CH;COOK in D,O. Reference: dioxane.

temp. Tefs Lo/ 1t Lo/ 15 T,(Ac™)s T,(Ac™)s
°C spin echo spin echo integral
25 3.Q 1.19 1.46, 3.9, 3.7
20 2.% 1.20, 1.47 3.6 3.4
10 25 1.1% 1.48; 3.8 3.1
Average 120, +0.6%

Table4. Relaxation timeT,(CH;COOD). Q02 M CH,COOD in D,O. Reference: dioxane.

temp. Tyefs [o/ 1t Lo/ 15 T,(AcD)s T,(AcD)s
°C spin echo spin echo integral
25 3.Q 1.24 1.48, 2.9% 3.6,
20 2.% 1.22 1.50, 3.1 3.4
10 2.5 1.22, 1.50, 3. 3.1

Average 123, +0.7%
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The precision of the spin echo data fos is worse than that obtained
with the integral methodT, increases monotonouslyitw temperature. This
is observed forT,(dioxane) but not forT,(CH;COO™) and T,(CH;COOD).
For CH;,COO in H,O at 20°C T, = 3.4 s has been reported [9]. Therefore
the T, data obtained from Eq. (20) were used in calculating the kinetics of
reactions (22). The ratiok,/1* depend only on the concentration ratio and
should be independent of temperature for a given solution. Therefore the aver-
age values of,,/1*" were used for calculating,.

4.2.2 Deuteron transfer in an acetate buffer in D,O

In a D,0 solution containing CECOOD and CHCOOK in equal concentra-
tions (20 mM) the normal and the power spectrum of the methyl groups were
measured. The chemical shift between the methyl protons of acetate and acetic
acid was determined using dioxane as internal reference.

Table5. Determination ofF and t for reaction (22) with acetate and acetic acid (each
20 mM) in D,O. Reference: dioxand,: Tables 3 and 4.

temp. Trefs [/ 1t Lo/ 15" chem. shift F T
°C s
25 3.Q 1.2§ 1.48, 108.2 0.95 0.2
20 2.% 1,27 1.48, 106.7 0.95 0.2
10 2.5 1.27 1.49 103.8 0.9% 0.3,

Average 127, +0.5%

The damping factofF is about 0.95; that is we are near the limit of the
proposed integral method for the determination of rate constans=.95
is in error by 1% then the factail— F)/F in Eqg. (17) and with it the life
time 7 is wrong by 20%. However, the increase of line width$s" for re-
actions (22) is less than.@ Hz and the line shape method is certainly not
applicable.

4.2.3 Discussion

Reaction (22a) is a diffusion controlled reaction. Its rate constant has been de-
termined by Eigen and Schon [10] to ke= 4.5 x 10°°M~1s 1 in H,0. In the
acetate buffer solution witfH"] = 1.8 x 10-° M the lifetime t of the acetate

ion in reaction (22a) is then 1% in H,O (and longer in DO due to the kinetic
isotope effect). Therefore reaction (22a) contributes only to a minor extent to
the lifetime of acetate and reaction (22b) is mainly responsible for the observed



650 D. Lennartz and H. Strehlow

lifetime t of about 0.25us.

D 2
CH,COO™ +CH;COOD= CH,COO" ---CH,COOD
1 Kas (22c)
CH,COOD + CH;COO = CH,COOD - - - CH;COO"

4 ©)

In a first step acetate and acetic acid molecules approach each other with a rate
constank,, to form an association complex. This complex may either dissoci-
ate with a rate constaRg; or the acetate ion (bold print) is deuterated by acetic
acid (normal print) with a rate constagt. It is the lifetimer,; = 1/kys, which
is determined in NMR experiments.

The diffusion controlled rate constaritg, andk,, are estimated approxi-
mately using Smoluchowskis equatiddd]. With reasonable parameters one
obtains

kp=23x10°M's? and ky=69x10°s™.
Therefore withk,; = 1/7,3 = 4.5 x 10° s~ at 25°C (Table 5) only the small
ratio g
— k23
k23+ k21

of the association complexes experience a deuteron exchange during the life-
time of the complex. The large majority of the association complexes dissoci-
ates without change of the NMR state of the methyl protons.

—65x 10 (23)

q

5. Conclusion

The determination of kinetic rate consta using the proposed integral tech-
nigue is much more precise than the NMR line shape method with weakly
broadened lines. The time range of applicability with the integral method
compared with the line shape technigsiécreased by about one order of mag-
nitude with slow and even more, depending on the chemical shift, with fast
exchange.

The determination of, relaxation times using the integral technique will
be useful especially with multiline spectra and with low concentrated sam-
ples.

Acknowledgement

Useful discussions with Prof. C. Grieger are gratefully acknowledged.



Determination of Reaction Rate Constants @n&elaxation Times. . 651

Appendix A
T,in EqQ. (17)

For the correct use of Egs. (17), (18), and (19) in the evaluation of experiments
it must be established that the integfglof NMR power spectra in systems
without chemical exchange is independent of the inhomogeneity of the mag-
netic field. Only then iF, in Egs. (17)—(19) the true relaxation tirigand not
the effective relaxation tim&;" = T,/ (147 T,Av}}), [see Egs. (15) and (16)].

In a sufficiently small volumeéV, = §x8ysz of the probe the magnetic field
may be assumed to be constant with a field stre®ytk, y, z) and an absorp-
tion frequencyv;(x, Y, 2) = yBi(X, Y, 2)/2x. (In a reasonably homogeneous
magnet the field gradient is very small and diffusion as a second order effect
may safely be neglected.)

With V, the total volume of the probe, the contributiéf,; to the total
signal S, is then in a probe without chemical exchange:

T,8V,
V{1+472T2lv(x, y, 2 —v]?}

8S, = K,.C (A1)

This is a Lorentzian curve with a half line widthv,,, = 1/7T,, whereT, is
the true relaxation time not deteriorated by the inhomogeneity of the magnet in
volumeV. The integral oS, overv is:

Sy = / 58S (V)dv = KcdV, /V . (A2)

The sum over albV; of the total volumeV of the probe is the observed signal:

S0 = KnCZ 1+ 4220 (X, ¥, 2) P

(A3)

Avyp, the half line width ofS,(v) is larger than 1z T, due to the local
dependence of the frequenay(x, y, z). However, I, the sum of all§l;
[Eqg. (18)], is independent of the inhomogeneity of the magnet:

ln=> 8ly=Kncr. (A4)

Without chemical exchange the power spectidfg in 8V, is:

T2V,

=K A
5% pCV{1+4n2T2?[vi(x, Y, 2)—v12} (AS)
and
2
Tz (A6)

S0 = KpCZ 14+ 4m2T2vi(X, ¥, 2) — ]2
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The sum over the integrald, is

|p=25|pi=2/5sm=}<pcﬂ2. (A7)

Therefore not onlyl, but alsol, are independent of the inhomogeneity of the
magnet. While Eq. (A4) is valid also for systems with chemical exchahgds,
then given by

I, = KperrT,F . (A8)

T, in Egs. (A7) and (A8) is the true relaxation tirig.
The errors produced by finite integration ranges cancel in the quotients of
Egs. (13) and (14).

Derivation of Eq. (17)

The integral over the normal spectrum with chemical exchange is proportional
to the product of the line width and the amplitud&A

1
7=k (3 aug) A (19)

Without chemical exchangeav$s" = 0 andF = 1) we have:

A
Iy = ke (A10)
7TT2

The ratio of the integrals (A9) and (A10)
[/, =1. (A11)

The half line widthsAvf/xgh of normal and power spectra are equal (even in
the intermediate state near to either fast or slow exchange). Then the corres-
ponding integrals over the power spectrum are [see Eq. (A8)].

1
stch — kp (_ + Aviz;;:h) AexchTzF (A12)
7TT2
and
A
b=k T2 (A13)

The ratio of (A12) and (A13) is:

Iexch/l _ i—i—AUEXCh eXChF (Al4)
PP\ AT, Y2 ) AT,
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Eliminating A*“"/ Ain Eq. (A14) using (A9)—(A11) leads to:

—-F
A exch __ . 17
Vi 7T,F 17)

Equation (17) is valid only for Lorentzian curves. These, however, are also ob-
served in systems reacting with exchange rates in the near intermediate range.
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