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A systematic outline for the elucidation of the nature of hydro- clear ST, mixing phenomenon at the catalyst, that is, a
genation intermediates with a lifetime too short to be directly mixing of the initially pure nuclear singlet stawith the
takes advantage of the special nature of the parahydrogen density differences as well as the transition probabilities in the
operator and its inherent enhancement factor. The key aspect of product spin system and hence the appearance of the spe
these experiments is the evolution of zero-quantum coherence . . .

tra. It was, however, quickly realized that this effect only

which is contained in the parahydrogen density operator. Analyt- it th f hvd lei I
ical coherence transfer functions have been derived which describe  9CCUTS | the two former parahydrogen nuclei are strongly

the evolution of this zero-quantum coherence in spin systems COupled in the product molecule. Th&T, mixing was

consisting of three spins 1/2 that form an AA’X spin system. The gnglyzed for hydrogenations into symmetric substrates, ths
analytical expressions presented form a basis for a thorough in- IS, into substrates where only the natural content'3g

vestigation of crucial catalytic steps. © 1998 Academic Press isotopes breaks the symmetry of parahydrogen. In thes
Key Words: PHIP effect; catalysis; density operator theory, substrates, the relevant spin systems were of A8harac-
coherence transfer functions; parahydrogen; PASADENA. ter (14). It was further shown that in these spin systems

dramatic polarization phenomena can also be observed
the hetero nucleus X16). These effects were analyzed
INTRODUCTION based on the populations of the energy levels of the AA

. . . . pin system 16). Generally, no flip angle dependence can
Performing a hydrogenation with parahydrogen yields NM e derived if only population differences are considered

signals of the two former parahydrogen nuclei in the produ%is is a major disadvantage, as it turns out that the polalr
molecule that are enhanced by several orders of magnitude '

i o A8 ARion spectra obtained in strongly coupled spin system
compared to proton signals at thermal equilibrium. This s P gy b pin sy

%'epend crucially on the flip angle applied. Furthermore, at

gﬂzgdz@iﬁ?igg :r'a i)y S:OZZ:]PS% rif;?rc; if]t?r?gspfr?&;{]; analysis based on population differences is only valid i
: . . ufficiently small flip angles are used®), which was not

ecule. This effect has been used for a wide range of mve%{—e case in the studies quoted. In this paper we present

gations of hydrogenations, the most recent work covering t feoretical framework for the a{nalysis of the polarization

trans_fer .Of polanization 1o hete_ronuclei-(G), the rapid cha_r—_ pectra based on a complete density matrix treatment. W
a?\t/l%'éat('?; o?fNggggorgit?ﬂfseczzgfsﬁf;, Vmg sTuod(i/ngmit our discussion to the case of AX spin systems. We

. . . explain the origin of polarization on the hetero nucleus X
_h)_/(_jrogenatlon !ntermed|ate9,(10), and studies of the reVers-and present an outline for a systematic investigation o
ibility of catalytic steps {1).

crucial catalytic steps using parahydrogen.

Early on in the study of the PHIP phenomenon it was . . L
realized that the polarization spectra of the product molec eThe characteristic density operator of parahydrogen is give

contain information about hydrogenation intermediatesy
(12). This was proven by showing that the structure of the
polarization spectra depends crucially on the catalyst and
substrate used18). Hence, the PHIP phenomenon also

reveals information about hydrogenation intermediates with
a lifetime much tqo short to be direct_ly det_ectable by NMRith the zero-quantum term
spectroscopy. This effect was explained in terms of a nu-

1 1
P(O)zzl_|1|2=Z]-_|1z|22_(ZQ)><1 (1]
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If the spin system after hydrogenation forms an’X#system, The density operatgs(0) corresponds to the initial conditions
the free evolution Hamiltoniat has the form a(0) = 1 andb(0) = c(0) = 0, for which the solution of Eq.
[9] is given by

H= +H [3]
a(t) = sirfp + cogep cog27I't)
with the coupling terms b(t) = —cosd¢ sin(27J't)
c(t) = 2 cos¢ sin ¢ sirf(wJ’t 9
W' = 20115+ 27015l gy + 27l oly, 4] ® ¢ sin ¢ sim(mJ't) L
with
and the offset terms
. . Jip . Ja
W= Ol + 1) + Oyl [5] sing =5,, Cosd = [10]
As [#’, #"] = 0 and furthermore ", p(0)] = 0, #" is and
irrelevant for the evolution op(0) under the Hamiltoniafi.
In the nomenclature introduced in Refl§), the remaining Jiz— Jpg
term 3¢’ corresponds to afLL coupling topology, where the Ja= 2 J= 3+ I [11]

spins 1 and 2 are isotropically)(coupled, and where longi-

tudinal coupling termsL() exist between spins 1 and 3, andrpe time-dependent coefficierast), b(t), andc(t) are pro-

between spins 2 and 3. o _ portional to the expectation valué&ZQ),), (2(ZQ),1s,), and
The term 1/41 — 14,l,, of the initial density operatop(0) (1, — 1,,)ls,), respectively.

commutes with#" and thus remains invariant under the action £or the ensemble of spin systems, the titigetween hy-
of this Hamiltonian. Hence, the evolution of the initial paragrogenation and the application of the first radio-frequency
hydrogen polarizatiorp(0) in an AA’X spin system can be pise varies in the ranget < 7,, wherer, is the time during

reduced to the evolution of the zero-quantum telQJ, \which hydrogenation occurs. If a constant probability of hy-
under the action of th&_LL Hamiltonian’. The equation of drogenation is assumed during<0 t < =, then for 7, >

motion for p(t) is given by the Liouville—von Neumann equay1/3'),2 the averaged density operafgris given by
tion

1
d . p =, 1— Iyl —alZQ),
g P® =i, p(]. [6] 4
- BZ(ZQ)y|32 - C(Ilz - IZZ) |321 [12]
Starting from ZQ),, only the zero-quantum antiphase terms

{2(ZQ)ylst = {2(1yylox = liddoy)lst and (1, — 15,)15, with
are created. Hence(t) can be expressed as

— . J12 2
a(t) = sirtp = <J)

1
p(t) = Zl - |1zlzz - a(t)(ZQ)x B(t) =0

- b(t)Z(ZQ)yISZ_ C(t)(llz_ IZZ)Iaz- [7]

J12‘]A

()

C(t) = cos¢ singp = [13]
Application of the Liouville—von Neumann equation results in
the following set of differential equations for the time-depen-

. CREATION OF POLARIZATION ON
dent coefficienta(t), b(t), andc(t):

THE HETERO NUCLEUS X

With the results of Egs. [12] and [13], the creation of
polarization signals on the hetero nucleus X can be understoo
The application of a pulse along tg@xis to the hetero nucleus
d . s :
at b(t) = —m(Jps— dpg)a(t) + 2md,c(t) X with aflip anglea transforms the two-spin order termis

d
at a(t) = m(Jiz— Jpa)b(t)

d 2 n practical cases, this condition is always met. Usually, the hydrogenatio
—c(t) = —2mI,b(1) [8] proceeds for a few seconds before the detection pulse is placed(re3 s);
dt 12 ’ J' is for normal systems greater than 10 Hz.
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— I,,)l5, with a scaling factor of sirx into single-quantum where AQ,; represents the difference of the precession fre
antiphase terms of the fornh,{, — 1,,)15,. These terms evolve quencies of the two protons at the catalyst. This corresponds
under thel; 3 and J,5 couplings into detectabli, magnetiza- a mixing of the initial singlet stat&} = (|a8) — |Ba))V2 and
tion. No other terms that are generated by the pulse can evale triplet stateT,) = (JoB) + |[Ba))/V/2 with the complex
into detectable magnetization during acquisition. amplitudescg = exp{i ¢}coS(AQ ,;Tcad 2) and ¢y =

i exp{i ¢}sin(AQ . Tcad 2), respectively, and arbitrary phase
¢. Hence, theS/'T, mixing angle ispgr, = AQ ¢4 Tcad 2 and
the relative weights ofS and T, are given by|cd? =

1 COS(AQ 4 Tead2) and||cTO||2' = sinZ(AQ?e}tq-caJZ). In principle,

+ (( lgy — 2|1z|2z|3y>005d> therefore, a total conversion of the initial st&#o the statel,

2 can take place at the catalyst.

!

(I3 = 1)l (I, — I,) IzcogmI't)

) ) ) After the ST, mixing process during the lifetime,,, of the
- ZZ(Q)y|3xS'”¢>S'n(7T‘] b. (141 intermediate, the density operajefr..,) (Eq. [16]) evolves in
the substrate in an AX spin system. The difference between
The sine modulation of the expectation value of the detectalsléd), the evolution of which is given in Eq. [7], andrc.) is
operatorl, gives rise to an antiphase signal at the resonariét scaling of the termZQ), by a factor of cosf{l¢y7co) and
frequency of spin 3 with a splitting aF . In the nomenclature of the additional zero-quantum terein(A€Q ¢, 7car) (ZQ)y . As
(14), the two multiplet lines correspond to the transition betwedR€ Zero-quantum ternzQ), commutes wittj(", its evolution
the statesSa and T}, and the transition between the staB8 is solely determined by thi L. Hamiltonian#'. Upon action
andTja. If the antiphase signals are well resolved, that is, if n@f this Hamiltonian onZQ),, only the termg(l, — I,) and
mutual cancellation of the antiphase signals occurs, the sigR&fQ)xls, are generated. Hence, the evolution5Q)), yields
amplitudes are proportional to the product of the prefadioess @ density operatop, (t) which can be expressed as
¢, and sina. Except for the trivial scaling factor sia, the flip
angle « has no influence on the observed antiphase multiplet. 1
Hence, the same dependence of the signal amplitudes is expected’y(t) = dOZQ), + et) 2 (I = 12) + F2ZQ)lz-  [17]
as derived before, based on the populations of the energy levels of
the AA'X spin system 15). The maximum signal amplitude The solution for the time-dependent coefficied(s), e(t),
(which is obtained for the flip angle = 7/2) is proportional o andf(t) can be derived with the help of a system of differential
equations similar to the one in Eq. [8]. For the initial conditions
C cos¢ = cose sin ¢. [15] d(0) = —siNAQ.yTcar), €(0) = 0, andf(0) = 0, the follow-
ing time dependencies are obtained:
Maximum signal intensity is obtained for cas = V2/3,

which corresponds tal}/J,,| = V2. This condition is iden- d(t) = —SiN(AQ ey Tea)COL27't)
tical to the results found by Barkemeyer al. (15).
e(t) = —sin(AQyTea)SiN ¢ SIN(27J't)

ANALYSIS OF THE INFLUENCE OF THE CATALYST 1 .
f(t) = 5 SIN(AQ 4 Tcar)COS P SIN(27't) . [18]

If the product of hydrogenation forms an AAspin system, its

spectrum also p_rovides information about hydrogenation i'ﬂtemlf‘ollowing the reasoning leading to Eq. [12], these coefficient:
diates. In the simplest case, the two protons form an isolaigfst be averaged in time to yield an averaged density operatc
weakly coupled two-spin system in the intermediaféor sim- Quite evidently, the time averages of the coefficients

plicity, we first assume that there is an intermediate with a lifetimgt) e(t), andf(t) are all equal to zero. Hence, the zero
Teat that is identical for all molgcules in Fhe gnsemble. Under thﬁlantum termZQ), in the density operatgp,,, cannot affect

influence of the weak coupling Hamiltonian of the two-spifhe spectrum of the product molecule. Overall, therefore, th
system, the initial density operator of parahydrogg@), evolves presence of the intermediate changes the time averaged den:

1 1
p(Tcat) = Z 1—1glyy— COiAQcatTcat)(ZQ)x pi= Zl — I,y — COSAQ i Teat)
~ SINAQeae) (2Q)y, 6] X @(ZQ) + B2AZQ I + Bl — 1)) [19]

3 The discussion can easily be extended to an arbitrary network of weakly ) ) ) ) o
coupled nuclei. This expression was derived under the assumption that lifetin
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Tea Of the intermediate is identical for all molecules in the 04 | I , T |
ensemble. In the more realistic case, where a distribution of ;| = 1—
e . . o : k=03~
lifetimes 7, exists, Eq. [19] is modified to k=-04 —
02 -
1 0.1 e 7
l_)i,:Zl—Ilzlzz_K(a(ZQ)x I(a.u.) 0 e
+b2ZQ) I + Tl — 1)), [20] el ]
02 4
where 0.3 b .
A
04 1 L 1 | 1
Kk = (COLAQ cutTcat)) [21] 30 60 ﬂg(g) 120 150
represents the ensemble average of £03(;7..;). Hence, the 15 , , | , ,
general case with a range of lifetimeg,, cannot be distin- k= 1—
guished from the special case with identical lifetimeg for L ,;’";_8;2 =1
all molecules in the ensemble and may be interpreted as an e
effective ST, mixing with mixing angleeg’y = arccosk). 05F i
If a pulse with flip anglep and phasey is applied to the law) 0 ' ‘
protons 1 and 2, the density operapgiis transformed intg;, .
which is given by 05 L J
pi=di(Ipdo + 1lp) + da(lpe = )l + ... [22] -1 _B I
. 15 i 1 I I I
with 30 60 90 120 150
B(°)
d, = (1 — ka)sin B cosf [23] FIG.1. Plotof the flip angle dependence of the signal group with intensity
. a(B) (Eq. [28]) (A) andb(B) (Eq. [29]) (B) for ¢ = 57° for variousk values.
d, = kCsing, [24]  This value of¢ corresponds td,, = 10 Hz, andl,; = 2 Hz, J,s = 15 Hz.

These are typical values for a coupling topology of two olefinic hydrogens an
listing only those terms that evolve into detectable magnetizatigfif carbon with a gemindle,, and atrans *Jc;, coupling.
during acquisition. We consider the transitions C1-C8 with offsets

V= _ng(\]’ +J12+ \]2)/2 and
v,= —v;=(J +J,— Js)/2 b(B) = ((1+ sing)(1 — k sirfd) cospB
v3= —vg=(J + Jp+ Js)/2 — k Co0%¢ sind)sin B. [29]

vy=—vs=(J —Jp— J)/2 [25] . . .
For a given (Eq. [10]), the flip angle dependence of the line

integralsa(B) andb(B8) depends ork, which in turn can be

_relgtlye 0 va = v and with I = (Jig + J23)/.2' The interpreted as a result of an effecti®T, mixing. In Figs. 1
individual integrals of these transitions are proportional to the

! . . : and 2, the flip angle dependence of the signal integagBy
transfer amplitudes,, . . ., S5, which can be derived with the . ;
help of the results of referencaq): andb(g) is shown for threec and two¢ values, representing

typical coupling constant networks for AX spin systems of
practical interest. As can be seen, the nutation curve of the tw

$=%=-5=-5=2ap), [26]  signal groupsa andb shows a significant dependence on the
S;=5,= —S5= —S; = b(B), [27] Pprecisex value. The nutation curves depend most sensitively
on « if the difference betweed, ; andJ,, that is, between the
with two Je coupling constants, is on the order of the proton-

proton couplingd; .
B o o The extraction ok by fitting the line integrals as a function
a(B) = (1 = sin ¢)(1 — « sirrp)cosp of the flip angleB may fail if lines overlap and when conse-
+ k cog¢ sin ¢)sin B [28] quently accurate line integrals cannot be determined. In thi
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0.6 T T T T T CONCLUSIONS
k= 1—
04} H“;_gj T In this article, we have presented a rigorous treatment of th
/ . evolution of the parahydrogen density operator in an’AA
02r 7 spin system based on the density operator formalism. We ha
) 0 ' investigated the ipfluepce of the catalyst as well as the occu
- rence of polarization signals on the hetero nucleus X. We hav
o2k # | validated the claim that assuming weak coupling at the cate
B -‘ lyst, the processes at the catalyst can be described in terms
04 4 an effectiveS/T, mixing. Here, we have presented an analyt-
A ical method to determine the degree of this effect/d@,
-0.6 : : : : : mixing, which contains crucial information about the processe:
30 60 [39(9) 120 150 at the catalyst. Ultimately, the fingerprint the intermediate
leaves on the polarization pattern of the product molecul
L5 u s w . n should make it feasible to obtain a whole range of valuable
;;0.‘,1,) “ information about the hydrogenation intermediate. It should
ir k=-04 — | for instance, be possible to obtain information about the rela
s o | tive chemical shifts of the protons in the intermediates, abou
’ the lifetime of the intermediates, and also about their couplin
law) 0 topology with respect to other nuclei. Since the origin of the
. occurrence of this phenomenon lies in the specific nature of th
0.5 | I 4 parahydrogen density operator, and since the chances for actt
detection of the effect rely on the inherent signal enhancemel
‘1B
{ 1 I i |
e 30 60 90 120 150 woF T T lﬂ T
B() ﬁigﬁ
FIG. 2. Plot of the flip angle dependence of the signal group with intensity 135 4

a(B) (Eq. [28]) (A) andb(B) (Eq. [29]) (B) for ¢ = 7° for variousk values.
This value of¢ corresponds td,, = 10 Hz,J,5 = 2 Hz, andJ,; = 150 Hz.

These are typical values for a coupling topology of two olefinic hydrogens an@(o)

one olefinic carbon with a direcfl., and a geminafJ,, coupling.

case, however, the factercan still be extracted by considering

the flip angles, and B, wherea(B,) = 0 andb(B,) = 0. In
addition to the trivial zero crossings f@r= nm with integern,
zero crossings are found for

—k cog¢ sind ) (30]

Palr, ¢) = arcco{(l —sing)(1 — K sirt)

k Cog¢ Sin ¢
Bo(k, ) = arccoé(1 +sing)1— « sinqu)) '

[31]

180 F T T T T T T T T 3

135 B

In Fig. 3, the functiong3,(k) and B,(k) are shown for the
same coupling networks as used in Figs. 1 and 2, respectively.
As can be seen in Fig. 33,(k) is most suitable for the
detection ofx values smaller than about 0.4 and for negative
values. B,(k), on the other hand, is to be preferred for the
analysis ofk values close to 1.

Accordingly, using either of the two approaches just out-

45

lined, valuable information about the amount by which the FIG. 3.
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(A) Plot of the functiong3, (k) and B, (k) for & = 57° (compare

initial density operator of parahydrogen is modified at thgg. 1). (B) Plot of the functionss, (x) and B, (k) for ¢ = 7° (compare

catalyst can be extracted from the product spectrum.

Fig. 2).
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associated with parahydrogen, such detailed information about 2863 (1996); S. B. Duckett, R. J. Mawby, and M. G. Partridge,

the catalytic processes cannot be obtained with any other NMR Chem. Commun., 383 (1996); S. B. Duckett, G. K. Barlow, M. G.
method Partridge, and B. A. Messerle, J. Chem. Soc. Dalton. Trans., 3427

(1995).
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