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Abstract

Ab initio calculations at the multireference configuration interaction/restricted open-shell Hartree-Fock/double zeta plus
polarization level are performed on hydrogen shifts in the pyrrole radical cation, on dissociation toBBlEftagment ion
and on possible pathways for the isomerization of allyl cyanide, crotonitrile, methacrylonitrile, and cyclopropyl cyanide radical
cations. The barriers for hydrogen shifts in the pyrrole radical cation are significantly below the dissociation limit. The
calculated dissociation limit of 3.69 eV is in reasonable agreement with the experimental value of 3.43 eV. The barrier for ar
isomerization of the other EisN radical cations to the pyrrole structure is calculated to be 4.10 eV, thus being higher than
the dissociation limit. This implies that the formation of stable pyrrole radical cation from the other precursors, observed
previously, should be ascribed to infrared radiative stabilization. The calculations on the isomerization as a whole are in goo
agreement with previous photodissociation experiments with a clear exception for the cyclopropyl cyanide radical cation. (In
J Mass Spectrom 198 (2000) 33—44) © 2000 Elsevier Science B.V.
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1. Introduction From photodissociation studies of nonfragmenting
C,H:N radical cations at an ionizing energy of 16 eV
From previous studies of the mass spectra of a [4], it was subsequently concluded that ions from pyrrole
number of different precursors it has been concluded and methacrylonitrile retain the structure of the neutral
that GH:N radical cations isomerize to a common molecule and that ions from cyclopropyl cyanide and
structure, prior to fragmentation [1-3]. This common crotonitrile isomerize to the pyrrole structure for 15%
structure presumably is the pyrrole radical cation. The and 6%, respectively. Finally, ionization of allyl cyanide
lowest dissociation channel is the loss of ethyne and leads to a mixture of three ion structures: allyl cyanide
the resulting fragment ion is assumed to have the (25%), crotonitrile (45%), and pyrrole (30%).

CH,CNH™ structure [1,2]. The dissociation limit for In the present work these processes are studied by
this process is 3.43 eV [2]. ab initio calculations. The reason for choosing this

system is the close similarity of the different reactions

with the isomerization of gHg radical cations [5—8]

and of alkene radical cations [9] studied before by ab
* Corresponding author. E-mail: w.hart@chem.leidenuniv.nl initio calculations.
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2. Methods

Ab initio calculations using Dunning and Huzina-
ga’'s double zeta plus polarization (DZP) basis set [10]
were performed with both the GAMESS-UK [11] and
the GAUSSIAN 94 [12] program packages. In previ-
ous calculations on the isomerization of radical cat-
ions we found that at crucial points on the potential

energy surface an unrestricted Hartree-Fock (UHF)
calculation may produce unacceptable values for the

spin angular momentunsf) as high as 1.0. For this
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radical cations [9], an optimization of the geometry of
the transition state was in this case only possible after
a switch from ROHF to a CASSCF calculations. After
this calculation the final wave function appeared to be
close to a single Slater determinant. In order to keep
the results as comparable as possible, the subsequent
MRCI calculations were done with ROHF molecular
orbitals.

3. Results and discussion

reason stable ion structures and transition states were

optimized at the restricted open shell Hartree-Fock
(ROHF) level. Transition states were tested by a
calculation of the vibrational frequencies and by a
visualization of the vibration corresponding with the
single negative force constant by use of VIBRAM
[13]. For the optimized structures, multireference
configuration interaction (MRCI) calculations with
single and double excitations were done with the
Table CI (From [14], and references cited therein)
option of GAMESS-UK. In these calculations, exci-
tations involving the lowest 8 occupied and the
highest 20 virtual molecular orbitals were not in-
cluded. All configurations having a coefficient

Similar to the case of gHg radical cations [5-8],
one may assume that isomerizations of thgH£{N
radical cations, mentioned in Sec. 1, to the pyrrole
structure proceed via one or more ion structures
obtained from the pyrrole radical cation by hydrogen
shifts. Because the fragment ion obtained by loss of
ethyne is assumed to have the {OMH™ structure
[1,2], it also seems necessary that dissociation of the
pyrrole radical cation is preceded by a hydrogen shift.
For this reason, we will first consider hydrogen shifts
in the pyrrole radical cation. This is followed by a
discussion of possible pathways for the formation of
the CH,CNH " fragment ion and for isomerizations of

squared higher than 0.0025 in the final ground state the ions from the other precursors.

wave function or higher than 0.0030 in the wave
function for the second root (of the same symmetry)

were used as reference configurations. The selection3.1. Hydrogen shifts in the pyrrole radical cation

threshold used in Table Cl was set at 3.Blartree.

This implies that the number of configurations in the
final diagonalization was in the order of 60 000. In the
Table CI calculations, the contribution of the remain-
ing configurations is calculated by perturbation the-
ory. The final MRCI values given in the Tables

include a generalized Davidson size-consistency cor-

rection [15].

The reaction scheme considered is shown in Fig. 1
and the results are summarized in Table 1. Fig. 1 also
shows the relative energies in kcal mbhat the MRCI
level after correction for the ZPE. In this reaction
scheme possible shifts via structures with two hydro-
gen atoms on the nitrogen atom are not included. In
these structures, the formal charge is localized on the

In some cases transition states were optimized at nitrogen atom and the unpaired electron will be

the complete active space self-consistent field
(CASSCEF) level. An example is the isomerization of
the substituted trimethylene radical catid8 to the
allyl cyanide structurd5 (see Fig. 4) where a hydro-

localized in ao orbital on a carbon atom without a

hydrogen. From this one should expect the energy of
these structures and the barriers for a hydrogen shift to
one of these structures to be higher than those

gen shifts from the central carbon atom to the carbon included in Fig. 1. Because preliminary calculations
atom carrying the unpaired electron (Sec. 3.3). Just asshowed that this is indeed the case, these structures
in the calculations on the isomerization of alkene were neglected in the further calculations. Besides, it
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Fig. 1. Reaction scheme for hydrogen shifts in the pyrrole radical cation.

seems very unlikely that structures of this type will be As shown in Table 2 and Fig. 2, the pathway i@
intermediates in the isomerizations considered. clearly has the lowest energy. The final dissociation of
The highest barrier in Fig. 1 has a relative energy both 10 and 11 proceeds via a minimum that should

of 73 kcal mol'* = 3.17 eV. This value is below the
experimental dissociation limit of 3.43 eV [2]. It thus

be ascribed to the ion induced dipole attraction. The
relative orientation of the two fragments is different in

follows that, just as in the case of the benzene radical the two cases and the energy of the minimum is

cation [5], the hydrogen atoms will be fully scrambled
in dissociation processes.

3.2. Dissocation to the CH}CNH radical cation

lowest for dissociation of structurél (Table 2).
Because the internal energy during dissociation will
be higher than a possible barrier between the two
minima, we will include the lowest energy minimum
in the energy diagram for dissociation of the pyrrole

As noted in Sec. 1, the dissociation of lowest radical cation via structur&O (Fig. 3). The highest
energy of the pyrrole radical cation leads to the loss of barrier in the fragmentation pathway is that for
ethyne and formation of the GENH fragment ion. dissociation of structur&0: 85.2 kcal mol'* = 3.69
The most reasonable pathway for this process seemseV, which is somewhat higher than the experimental
to be a hydrogen shift to structusefollowed by a value of 3.43 eV= 79.1 kcal mol* [2]. It should be
cleavage of first a C—N bond and then a C—C bond via noted that most of the other barriers in Figs. 2 and 3
structurelO or vice versa via structurl (see Fig. 2). (and in Figs. 4 and 7) involve hydrogen shifts which
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Table 1
ROHF, ZPE, and MRCI energies of the different radical cation structures and transition states in Fig. 1 and relative MRCI energies in
kcal mol~* corrected for the ZPE at the ROHF level scaled by a factor of 0.89

ROHF ZPE MRCI AE
Pyrrole1 —208.596 547 0.087 854 —209.052 045 0
2 —208.532 001 0.086 294 —208.979 764 44.5
3 —208.547 039 0.086 466 —208.988 220 39.3
4 —208.535 616 0.087 778 —208.986 604 41.0
5 —208.530 548 0.088 169 —208.982 951 43.5
6 —208.548 562 0.088 235 —208.995 278 35.8
7 —208.533 311 0.088 406 —208.985 213 42.2
8 —208.543 470 0.088 900 —208.992 369 38.0
9 —208.547 037 0.088 814 —208.995 981 35.7
T, 2 —208.469 566 0.081 817 —208.930 327 73.0
T, 3 —208.490 597 0.082 933 —208.939 332 68.0
Ty 4 —208.489 398 0.084 201 —208.943 475 66.1
Ty 5 —208.476 515 0.084 479 —208.938 589 69.3
Ts 6 —208.491 412 0.084 584 —208.945 020 65.3
Ty 7 —208.477 131 0.084 487 —208.938 134 69.7
T, 8 —208.489 223 0.085 007 —208.944 324 66.0
Ti o —208.491 429 0.084 432 —208.944 628 65.5

means that experimental values (if these can be 17, methacrylonitrile 21, and cyclopropyl cyanide
obtained) may be somewhat lower than calculated 20), seems to be the isomerization of the allyl cyanide
values because of tunneling. radical cationl5 via the CHLCHCHCHN™ structure
14 to structure2. The other ion structures then first
isomerize to the allyl cyanide radical cation according
to reactions similar to those in the isomerization of
The most straightforward connection between one unsubstituted alkene radical cations [9]. This leads to
of the structure®-9 in Fig. 1 and the other ;N the reaction scheme shown in Fig. 4. In addition to the
radical cations studied (allyl cyanidkb, crotonitrile reactions in Fig. 4, we have also considered some

3.3. Isomerization reactions of the othejHzN
radical cations
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Fig. 2. Reaction scheme for dissociation of the pyrrole radical cation.
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Table 2
ROHF, ZPE, and MRCI energies of the different radical cation structures and transition states in Fig. 2 and relative MRCI energies in
kcal mol~* corrected for the ZPE at the ROHF or CASSCF level scaled by a factor of 0.89

ROHF ZPE MRCI AE
Pyrrole 1 —208.596 547 0.087 854 —209.052 045 0
4 —208.535 616 0.087 778 —208.986 604 41.0
10 —208.503 648 0.082 508 —208.953 899 58.6
11 —208.479 276 0.082 765 —208.927 208 75.5
12
Minimum —208.463 971 0.075 597 —208.916 729 78.1
75 A —208.457 904 0.074 824
10.0 A —208.457 232 0.074 824
15.0 A —208.456 895 0.074 821 —208.907 773 83.3
20.0 A —208.456 832 0.074 795
13
Minimum —208.473 333 0.076 067 —208.929 087 70.6
75A —208.457 715 0.074 845
10.0 A —208.457 146 0.074 793
15.0 A —208.456 874 0.074 780 —208.907 603 83.3
20.0 A —208.456 814 0.074 768
Ty 4 —208.489 398 0.084 201 —208.943 475 66.1
T4 1 —208.442 297 0.081 270 —208.928 980 73.5
Ty 12 —208.433 752 0.082 028 —208.909 408 86.3
Tio, 12 —208.435 870 0.076 583 —208.906 238 85.2
Tt 13 —208.413 100 0.075 084 —208.891 964 93.3

2Optimized in a CASSCF calculation with 3 electrons in 4 orbitals. The ROHF energy for this geometry and the ZPE at the CASSCF level.

other possibilities. The first is a 1,2-hydrogen shift in The results of the calculations (Table 3 and Fig. 4)
the CHCN unit of the cyclopropyl cyanide radical are comparable to those obtained for the butene
cation followed by ring opening and a 1,3-hydrogen radical cations in [9] but also show some interesting
shift to the methacrylonitrile structul. The reason  differences due to the replacement of a methyl sub-
for studying this process was that the first step in the stituent by a CN group. In the following especially
reaction is comparable to a hydrogen shift in the these differences will be discussed in more detail.
propionitrile radical cation observed before [16]. The Similar to the isomerization pathways from the
relative energy of the cyclic intermediate (100 kcal 1-butene to the 2-butene radical cation, the isomer-
mol~ 1), however, appeared to be already higher than ization of the allyl cyanide iorl5 to the crotonitrile
the barrier for ring opening of the cyclopropyl cyanide structurel7 via the substituted trimethylene radical
radical cation to structurd2 included in Fig. 4. This cation18 proceeds at lower energies than the isomer-
process, therefore, was neglected. Another possibility ization via the substituted carbene ion structiiée

not included in Fig. 4 is an isomerization of the In the (unstable) CECH,CHCH;" intermediate in
crotonitrile radical catiorl? to the methacrylonitrile  the butene case the charge is localized on the CHCH
structurel9 via the (unstable) carbene ion structure group. As a result the ion isomerizes to the linear ion
CH;CH(CN)CH by first a shift of the methyl or cyano  structure of highest energy (1-butene) without a bar-
substituent and then a hydrogen shift. The relative rier. Structurel8 could be optimized at the ROHF/4-
energy of this intermediate was also significantly 31G level. A Mulliken population analysis gave the
higher (106 kcal mol?) than the energies of the unpaired electron localized on the CHCN group and
transition states in Fig. 4. The energy difference with the charge on the unsubstituted Cthit. From this
the other processes is even higher than for the similar result one expects that, in this case, structiBavill
reaction in the butene case [9]. isomerize via a very low barrier to the structure of



38 W.J. van der Hart/International Journal of Mass Spectrometry 198 (2000) 33—-44

85

83

o+
CH2=C=NH_l
+

Minimum

Fig. 3. Final energy diagram for the dissociation of the pyrrole radical cation.

lowest energy, the crotonitrile radical catidr. In from ROHF to CASSCF calculations with an active
fact, all attempts to optimiz&8 at the ROHF/DZP space of 3 electrons in 4 orbitals. The final wave
level did not give a stable ion structure but produced function, however, was close to a single Slater deter-
the crotonitrile structur&?. In order to get an accept- minant.
able value for the energy in the neighborhoodl8f Further differences with the g case were ob
we therefore performed partial optimizations by first tained for the geometry of the cyclopropyl cyanide
optimizing all geometrical parameters except those radical cation and the isomerization of the linear
for the hydrogen atoms on the central carbon atom radical cations to the methacrylonitrile structure. For
and then optimizing only the parameters for these the methylcyclopropane radical cation three stationary
hydrogens. The resulting energy values are those points were found in [9]. In agreement with previous
given in Table 3. Clearly, it is useless to try to find a experimental work [18], the geometry of lowest en-
geometry for the hypothetical transition statg, ;¢ ergy of the methylcyclopropane radical cation is
For an isomerization 0f8 to the allyl cyanide ion asymmetric and has one very long C—C bond connect-
15 a substantial change in the distribution of the ing the substituted carbon atom with one of the other
charge and the unpaired electron is needed and,carbon atoms in the ring. The other stationary points
similar to the isomerization of C}€H,CHCH;," to are symmetric transition states. One has two long C-C
the 2-butene structure in [9], an optimization of the bonds and the other one a very long C-C bond
transition statd’, 5 ;gwas only possible after a switch  opposite to the substituted carbon atom. Their relative
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Fig. 4. Reaction scheme considered for the isomerization,bil€ radical cations.

energies are 3.7 and 5.4 kcal mdlrespectively. For  symmetry-lifting motion of the ring carbons. This,
the cyclopropyl cyanide radical cation similar station- presumably, is due to an artificial symmetry breaking
ary points were found (Fig. 5). At the ROHF level, the [19-21] at the ROHF level because after the addi-
relative energies of these geometries are similar to the tional MRCI calculatior20A appears to be the geom-
methylcyclopropane case (see Table 3). According to etry of lowest energy (Table 3).

a calculation of the force constanZ)B and20C are For the CHCH(CH;)CH, radical cation three
minima and20A, the geometry with two long C—C rather different stationary points were found in [9].
bonds, is a transition state. The vibration correspond- One has a very long C—H bond on the central carbon
ing with the single negative force constant shows a atom and is a transition state for a hydrogen shift in
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Table 3

ROHF, ZPE, and MRCI energies of the different radical cation structures and transition states in Figs. 4 and 5 and relative MRCI
energies in kcal mol* corrected for the ZPE at the ROHF or CASSCF level scaled by a factor of 0.89; experimental values [17] for the
relative energies are 5857, 54, and 65 kcal mof* for the allyl cyanide, crotonitrile, methacrylonitrile and cyclopropyl cyanide radical
cations, respectively

ROHF ZPE MRCI AE
Pyrrole 1 —208.596 547 0.087 854 —209.052 045 0
2 —208.532 001 0.086 294 —208.979 764 445
14 —208.499 624 0.083 169 —208.940 932 67.1
Allyl cyanide
15 —208.508 110 0.082 687 —208.948 079 62.4
16 —208.467 030 0.079 683 —208.911 720 83.5
Crotonitrile
17 —208.511 454 0.082 356 —208.962 127 53.4
18 —208.471 939 0.078 588 —208.915 580 80.5
19 —208.440 588 0.080 583 —208.888 369 98.6
Cyclopropylcyanide
20A —208.480 082 0.082 678 —208.935 357 70.3
20B —208.483 200 0.083 020 —208.931 983 72.6
20C —208.476 701 0.082 291 —208.922 332 78.3
Methacrylonitrile
21 —208.509 297 0.082 244 —208.957 387 56.3
22A —208.433 506 0.080 348 —208.896 529 93.4
22B —208.417 202 0.081 187 —208.880 434 104.0
Ty 2 —208.469 566 0.081 817 —208.930 327 73.0
Ts 14 —208.482 163 0.083 266 —208.935 776 70.4
Ti4, 15 —208.431 322 0.078 687 —208.893 130 94.6
Tis, 16 —208.449 365 0.078 960 —208.897 115 92.3
Ti6, 17 —208.439 949 0.078 175 —208.887 862 97.6
Ti6, 21 —208.438 019 0.080 429 —208.893 248 95.5
Tis, 18 —208.454 901 0.076 989 —208.906 009 85.6
T17, 10 —208.436 703 0.079 193 —208.887 897 98.2
Tio, 21 —208.438 826 0.081 169 —208.889 856 98.0
Tis, 20 —208.466 632 0.080 068 —208.904 252 88.4

2Geometry optimized in a CASSCF calculation with an active space of 3 electrons in 4 orbitals. The ROHF energy for the final geometry
and the ZPE at the CASSCEF level.

the 1-butene radical cation. The second geometry haswas started with a geometry similar to the one with
a very long C—CHbond and is a transition state for a the long C—CH bond in the CHCH(CH;)CH, radical
methyl shift in the isobutene radical cation. The third cation, the result was an ion geometi32B) with
geometry, finally, has rather normal bond lengths. Its rather normal bond lengths but a significantly higher
energy, however, is significantly higher than that of energy (Table 3). When the optimization 22A was
the other geometries and this structure appeared to berepeated without symmetry, the ion geometry
a transition state between the other two geometries. Inchanged drastically and the final result was the
order to avoid an artificial symmetry breaking, the methacrylonitrile structur@l. If the symmetry was
present calculations on the GEH(—CN)CH, radical maintained except for the dihedral angles of the
cation 22 were done inC, symmetry. Two different  terminal CH, groups, the optimization produced the
ion geometries were found. A calculation of the force cyclopropyl cyanide radical catid0. Our conclusion
constants showed that both are (local) minima. The thus is that22A is not a stable ion structure but at
first one @2A) has a very long C—H bond on the most a shallow local minimum in a transition region
central carbon atom (Fig. 6). When the optimization between the cyclopropyl cyanid® and methacrylo-
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lowest energy proceeds via a substituted cyclopropane
radical cation. The present results indicate that the
reaction via structur&9, a methyl shift followed by a
hydrogen shift has a higher barrier (45 kcal myl
than a shift of the cyano substituent followed by a
hydrogen shift via structurg6 (41 kcal mol %) or the
reaction structure vi22 (39 kcal mol'%). The differ
ence between these latter values is perhaps too small
to arrive at a definite conclusion about the pathway of
lowest energy. In the energy diagram in Fig. 7 we
assume, however, that the isomerization of the
methacrylonitrile radical cation to a linear ion struc-
ture proceeds via the cyclopropyl cyanide radical
cation 20. In this diagram we have furthermore only
included the classical ion structures and the lowest
barriers connecting them.

4. Comparison with the photodissociation
experiments

As described in Sec. 1, most of the radical cations,

H—"C 20C . X ; = :
studied in the photodissociation experiments [4],

isomerize in part to the pyrrole ion structure. As
‘}H shown in Table 3 and Figs. 1 and 7, the highest barrier
H in these isomerizations has a relative energy of 94.6
kcal mol'* = 4.10 eV. This value is higher than the
dissociation limit of 3.43 eV [2]. In previous work on
the benzene radical cation, it has been shown that
dissociation of the benzene ion is in strong competi-
nitrile 21 ion structures. For this reason no further tion with stabilization by infrared emission [22]. This
attempts were made to find clearly defined transition has important consequences, e.g. for the 1,5-
statesT,, ,,andT,; »» The present conclusion about hexadiyne radical cation, which isomerizes to the
the instability of 22A toward a ring closure to the  benzene structure without a barrier [8,23]. The result-
cyclopropyl cyanide ion is somewhat in contrast to the ing benzene ion has an internal energy above the
similar reaction in the ¢Hg case where the barrier is  dissociation limit. Stable benzene ions can neverthe-
8 kcal mol ! but in agreement with the result obtained less be formed by charge exchange ionization of
for pentene ions [9]. 1,5-hexadiyne at internal energies far above the dis-
The isomerization of the methacrylonitrile radical sociation limit of 3.88 eV [24]. For example, accord-
cation21to the linear ion structures can take place in ing to the calculations reported in [24], half of the
three different ways. According to the results in [9] benzene ions are stabilized at an internal energy of 4.4
the pathway of lowest energy in the butene case is aeV. Because the dissociation limit of the pyrrole
methyl shift to a carbene ion structure, similar to radical cation is nearly as high as that of the benzene
structures16 and 19, followed by a hydrogen shift  radical cation, it seems quite likely that, also in the
whereas for pentene radical cations the pathway of present case, the formation of stable pyrrole ions by

Fig. 5. Projection of the ion geometries obtained for the cyclopropyl
cyanide radical cation.
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Fig. 6. Projection of the ion geometries obtained for the, CH(CN)CH, radical catior22. The dihedral angles f@2A and22B, respectively,

are H—C,—C,—Cg: 184.5° and 274.7°, HC,—C,—H,: 73.5° and 27.5°,

isomerization of the other precursors should be as-

cribed to infrared radiative stabilization. This seems
to be in contrast with the Rice-Ramsperger-Kassel-
Marcus (RRKM) calculations on the dissociation of
the pyrrole radical cation in [2], which are based on a
“loose” transition state looking like structur&O.
StructurelO, however, is separated from the pyrrole
radical cation by two high barriers (Fig. 3). It is
possible, therefore, that infrared radiative cooling is
not in competition with the final dissociation but with
the isomerization to structurk0.

It is of course difficult to compare the present
results with the ion fractions obtained in the photo-
dissociation experiments in [4] because the internal
energy after ionization at 16 eV is not known.
According to these experiments 6% of the ions from
crotonitrile isomerize to the pyrrole ion structure
whereas the ions from methacrylonitrile retain the
structure of the parent neutral molecule although an
isomerization of a small ion fraction to the pyrrole

-C,—C,~Cs: 13.6° and 84.6°, j-C,—C,—H,: 262.6° and 197.4°.

structure could not be ruled out. The energy differ-
ences in the final energy diagram in Fig. 7 agree quite
well with these conclusions. Also, an isomerization of
30% of the ions from allyl cyanide to the pyrrole
structure and of 45% to the crotonitrile structure is
understandable on the basis of the energy diagram.
Similar conclusions, however, do not hold for the ions
from cyclopropyl cyanide. According to the experi-
mental results, 15% of the ions isomerize to the
pyrrole structure while the remaining fraction of 85%
retains the structure of the parent neutral molecule.
This seems to be in conflict with the energy values in
Fig. 7 where the barriers for an isomerization to the
pyrrole and crotonitrile ion structures are 25 and 18
kcal mol™*, respectively. In addition, the structure of
the cyclopropyl cyanide radical cation is very differ-
ent from that of the neutral molecule. For this reason
we have compared the MRCI energies of the different
ion structures with the values after vertical ionization.
The results in Table 4 show that for cyclopropyl
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Fig. 7. Final energy diagram for the isomerization gHGN radical cations.

cyanide the calculated difference between the vertical excited crotonitrile ions which part of the time have
and adiabatic ionization energy is 23 kcal mbl the structure of the CHCH,CHCN ion 18 (see Fig.
which is higher than the barrier of 18 kcal mdlfor 4). This may explain both the similarity of the
isomerization to the crotonitrile radical cation. In [4], photodissociation spectra and the reactivity by ,CH
the cyclopropyl cyanide radical cation is distinguished transfer in ion/molecule reactions. Further experi-
from the other ion structures by ion/molecule reac- ments will be necessary to solve this problem.

tions which show a unique CHtransfer. Also, the
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