Table I1. Observed and Calculated Second Moments (G2)

Structure Minira Mainer M caled M 20bsd
Rigid 36.1 4 40.1 £2
Me rot. 14.1 2.5 166 +£2 17.4
N inv. 12.4 2 144 +2
Flex 8.1 2 10.1 £2 10.7
Flex + N inv 7.8 1.7 95+2 10.7

treatment), which is not consistent with the experimental ob-
servation. These results are summarized in Table I1.
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Nuclear Magnetic Resonance in Pulse Radiolysis.
2. CIDNP in Radiolysis of Aqueous Solutions!2
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Abstract: Applications of magnetic resonance to the study of radiolysis are illustrated. The products of radiolytically produced
radicals exhibit CIDNP when examined, seconds after their creation, by NMR. Irradiation with a pulsed electron beam (3
MeV) was carried out in variable magnetic fields and the irradiated solutions were transferred to the NMR sample tube using
a fast flow system. Aqueous solutions of methanol, iodomethane. ethylene glycol, acetate, and chloroacetate were studied. In
these systems CIDNP in numerous products and starting materials can be observed. The “primary radicals’ of radiolysis e,
and H play a significant role in the polarization pathways. Applicability of the radical pair model of CIDNP to radiation chem-

istry is illustrated.

In radiolysis when dilute aqueous solutions are irradiated
practically all the energy absorbed is deposited in water mol-
ecules and the observed chemical changes are brought about
indirectly via the radical products.* The primary radicals
produced in water radiolysis are OH, e,q~, and H. These
radicals react with themselves and with solutes dissolved in
water. In this work we will be primarily concerned with radicals
produced by OH abstraction from organic alcohols and acids
and by the .4~ dissociative electron capture in alkyl halides.
Both primary and secondary radicals in pulse radiolysis have

been studied using several methods; the fast optical detection
and electron paramagnetic resonance (EPR) are two such
techniques.*

For some time now, we have been interested in applications
of magnetic resonance to the study of pulse radiolysis, espe-
cially in the various manifestations of the chemically induced
magnetic polarization phenomena. The observation of non-
equilibrium electron spin populations in radicals, the so-called
chemically induced dynamic electron polarization (CIDEP),
in the microsecond domain36 and the observation of the re-
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sidual spin population from the radical precursors in the sub-
microsecond domain’ can substantially add to the under-
standing of the radical reaction mechanisms.

Most recently we have applied nuclear magnetic resonance
spectroscopy to the study of chemically induced dynamic nu-
clear polarization (CIDNP) in products of radiolytically
generated radicals.? If the products are examined by NMR
within several seconds after their formation, nonequilibrium
population of nuclear spins CIDNP can be observed. The study
of CIDEP and CIDNP provides details of radical-radical in-
teraction in solution.® CIDNP in the radical reaction products
and CIDEP in the radicals reflect the memory of previous
radical encounters. The time domain of and the information
provided by these two magnetic polarization phenomena are
complementary.

Our primary intent is to show how the qualitative exami-
nation of CIDNP in products of radiolysis in varying magnetic
fields and under different reaction conditions provides new
mechanistic details of the radiolytic reactions. We first present
a brief outline of CIDNP as it applies to products in pulse ra-
diolysis.

In radiolysis, two independently generated radicals can give
rise to a radical pair, which consists of two weakly interacting
doublet states:

R,-+R;: =
radicals

R;--R; — Ry-R;
radical pair  products

The components of such a radical pair can combine and/or
disproportionate to give a diamagnetic product or can diffuse
apart to give free radicals. There is a finite probability that
radicals which have encountered each other in a radical pair
and have subsequently diffused apart might encounter again.
Polarization is developed during these diffusive excursions of
the radical pair components. This polarization results from
singlet-triplet mixing of the electron-nuclear states of the
radical pair manifold. The spin Hamiltonian is field dependent,
and as a consequence both relative and absolute intensities of
CIDNP spectra are a function of the magnetic field. In high
magnetic fields (>1000 G) the mixing of the two nearest states
of the singlet-triplet manifold of the radical pair (S-Ty) is
usually dominant. At lower magnetic fields (>1000 G) S-Ty,
transitions become important.

In the radical pair spin Hamiltonian matrix the off-diagonal
elements connecting Tg and S show that these states are mixed
by the difference in the sums of the hyperfine interactions on
the two components of the radical pair. These same elements
connect only states whose nuclear spin functions are identical.
In practice CIDNP NMR spectra in the high-field region are
dominated by g-factor differences of the two components of
the radical pair.

The high-field CIDNP effects can be classified into what
are known as the “multiplet effect” and the “net effect”. The
multiplet effect is the observation of both enhanced absorption
(A) and emission (E) in the multiplet of lines originating from
transitions of groups of identical nuclei coupled to other nuclei
by indirect nuclear spin coupling. The net effect is manifested
when a line or group of lines, belonging to a single group of
nuclei, exhibit either enhanced absorption or emission. The net
effect is observed when radical pair components have different
g factors.® If the two components of the radical pair have
identical g factors only a pure multiplet effect is observed. The
observation of the multiplet effect requires at least two dif-
ferent coupled nuclei; thus, for a single group of nuclei (that
are not coupled), only the net effect contributes to CIDNP.
Frequently the combination of the two effects is observed. That
is, the superposition of the net effect on the multiplet effect
yields polarized NMR multiplets that show an AE multiplet
effect with excess E or A. Two simple algorithms have been

described which enable prediction of phase of high-field
CIDNP spectra,!0

At low fields the size of the singlet-triplet energy difference
(exchange coupling, J), the Zeeman splittings, and the hy-
perfine coupling become similar; thus, S-T. ) processes may
also contribute to CIDNP. Off-diagonal elements of the radical
pair spin Hamiltonian connecting S with Ty, involve the hy-
perfine interactions only and are associated with a change in
the nuclear spin. Specifically, if the singlet state is below the
triplet state (J < 0), the S-T_, process can predominate and
the spectrum will appear in emission. (The converse also holds.)
Even if the exchange coupling (J) is zero,!! polarization can
arise from unequal S-Ty, transitions when the magnetic field
approaches the magnitude of the hyperfine coupling. As a re-
sult negative hyperfine coupling gives emission and positive
hyperfine coupling gives enhanced absorption. In all cases that
we have examined in radiolysis we observe emission at low
fields.

At zero field CIDNP of a single nucleus or group of nuclei
vanishes because a preferred axis of quantization does not exist.
However, zero-field CIDNP can be observed for systems in
which nuclear spins are coupled by indirect nuclear coupling
in the products as a consequence of unequal zero-field en-
ergy-level populations.

The noticeable feature of zero-field CIDNP is the absence
of the inner lines of the multiplets of the A,,X, nuclear spin
system. While in this work we report no true zero-field CIDNP
spectra, at our lowest field used (~30 G) the inner lines of
several multiplets were observed to be noticeably weaker.

Tq supplement this brief outline of CIDNP the reader is
referred to an excellent discussion of CIDNP in a review by
Closs.!2

Experimental Section

Reagents. All chemicals used in this study were of the highest purity
available and were used without further purification. Solutions were
prepared in deuterium oxide and were degassed by bubbling He or
N,O through the solutions before and during the experiment.

Spectrometer System. Solutions were continuously recirculated
from sample reservoir using a fast flow system with transfer speeds
of ~1 m/s (pump pressure ~60 psi). Filtered solutions at high pressure
passed through the irradiation tube in the variable magnetic field and
then to the spinning 5 mm NMR sample tube in the probe of the
Varian A56/60A NMR spectrometer before return to the reservoir
at lower pressure. The flow system in the NMR probe was a modifi-
cation of a similar system previously described.!?

Solutions were irradiated with the 3 MeV electron beam from the
Argonne Van de Graaff accelerator. The electron beam entered our
irradiation magnet axially. During irradiation this magnetic field could
be varied from ~30 to 6000 G.

Results and Discussion

CIDNP in the products of pulse radiolysis of aqueous so-
lutions of methanol, sodium acetate, iodomethane, ethylene
glycol, and sodium chloroacetate were examined as a function
of magnetic field from approximately 30 to 6000 G. The con-
centration of primary radicals was varied by changing reaction
conditions. In N,O-saturated solutions OH radical predomi-
nates. In He-saturated solutions e,q~ and OH are both present
in equal amounts together with some H radical; in He-satu-
rated solutions at low pH e.q~ is largely converted to H radi-
cals.* In several systems we have also investigated the effect
of radical concentration by varying the electron beam. The g
factors and hyperfine coupling constants of various radicals
relevant to this study are summarized in Table I and the
chemical shift assignments of the observed radical reaction
products are summarized in Table II.

Methanol System. CIDNP in products from pulse radiolysis
of aqueous methanol was most extensively studied. The mag-
netic field dependence of CIDNP in this system illustrates the

Journal of the American Chemical Society | 99:6 /| March 16, 1977



L | |

5 4 3

Figure 1. Methanol-d (0.25 M) (N,O, pH 5.4). Fields: A, ~30 G; B, 2 kG;
C,4kG; D, 6 kG; E, 6 kG (no beam).

Table I. g Factors and Hyperfine Coupling Constants

Coupling

Radical g factor constants, G
€aq” ¢ 2.0003
D-(H-)t 2.002 23 77.45 (503.8)
CHj.? 2.002 5 —23.04
«CH,OH?%-c 2.003 29 -17.56
-CH,COO~? 2.003 27 -21.2
-CHCICOO~* 2.006 47 —20.48
(\CHOH)CH,0OH*¢ 2.003 08 -9.9 (a), 17.5(8)

@ Reference 18. ¥ Reference 19. ¢ Reference 20.

analytical possibilities of CIDNP NMR study in pulse radi-
olysis. While at 4000 G only ethylene glycol can be observed
in N,O-saturated solutions,? examination of spectra in fields
from ~30-6000 G provides numerous details on other reaction
pathways of the -CH,OH radical.

The N;O-saturated solutions of methanol (CH30OD in D,0)
show polarized products: ethylene glycol, methanol, and water.
Figure 1 shows the observed polarized NMR spectra at various
fields. At ~30 G strong emission is observed in ethylene glycol,
methanol, and water. The methanol emission is so intense that
it inverts the solvent line of methanol entirely while the water
line is only partly inverted. As the irradiation field is increased
the polarization changes to the high-field situation. At 6000
G (Figure 1D) the water line is still partially reduced as com-
pared to the “no beam” situation. Ethylene glycol is seen in
enhanced absorption while the methanol line is in emission
(actually it appears to be AE with excess E).

Methanol radiolysis in He-saturated solution is illustrated
in Figure 2. Now the reaction system consists of OH, e,q~, and
H radicals. Again at low field all radical products are in
emission. The ethylene glycol line is somewhat less intense as
compared to the methanol line but both show strong emission.
The water line is strongly reduced (compare with “no beam”
at low field in Figure 2A). In contrast to Figure 1 the inter-
mediate field CIDNP of methanol does not change to ab-
sorption; rather methanol is always in E. However, some in-
tensity change is seen. The most intense emission in methanol
is seen at low field and at high field (6000 G in Figure 2F).
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Figure 2. Methanol-d (0.1 M) (He, pH 5.4). Fields: A, ~30 G (no beam);
B, ~30G;C, 1 kG;D,2kG: E, 4kG; F, 6 kG; G, 6 kG (no beam).

Table II. Chemical Shift Assignments

Compd ppm (TMS) Compd ppm (TMS)
CH;0H 35 CH;l 23
CH;CO0~ 2.1 H,0 ~5
CH,4 0.2 CH;CH,COO~ t2.2,¢

q2.4°
CH;CH; 0.9 (CHCICOO™), 5.6
(CH,0H), 3.7 (CHCICOO™)- t4.8,¢
CH,COO~ d3.2¢
(CH,COO™), 2,6 CH,CICOO~ 4.3
CH3CH20H t2.15,9
q3.4°

@t = triplet. °q = quartet. < d = doublet.

Methanol radiolysis at pH 1.8 (He-saturated solution) is
very interesting (Figure 3). Almost no ethylene glycol is seen
except in intermediate irradiation fields. This was expected
since we are dealing with the H and OH reaction system where
most of the «CH,OH radicals produced by OH react with H
(actually D) to give back methanol. The methanol line is ex-
tremely intense E at low field, becomes AE at high field, and
is mostly A in intermediate irradiation fields. Again the water
line is always reduced (emission); this is most evident at low
fields.

From this examination of CIDNP in aqueous methanol
radiolysis several conclusions emerge. The principal radicals
are -\CH,OH, H, and e,q™. Their encounters are responsible
for polarization in ethylene glycol, methanol, and water. The
polarization pathways are summarized in Scheme L.

The strong emission in methanol at high fields when e,
is present strongly implies that the g-factor difference in a pair
€aq~ “CH;OH is responsible. Similarly the e,q~ H pair is
probably responsible for the observed emission in water.

In the absence of €44~ in acidic solution methanol is observed

Trifunac, Nelson / CIDNP in Radiolysis of Aqueous Solutions
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Figure 3. Methanol-d (0.1 M) (He, pH 1.8). Fields: A, ~30 G (no beam);
B, ~30G; C, 1kG; D, 2kG; E, 3 kG; F, 5kG; G, 5 kG (no beam).

Scheme I. Methanol Systems [Radicals Present: OD, €ag™ D, H,
-CH,0D (from OD + CH,0D)]

Polarization Pathways

Products (polarization
at high fields)

(Radical pairs)

DOCH, - - CHOD ——  (CHOD), (A
D-CH,0D ————~  DCHOD  (AE)

2 HOD ()
e H ——* P cpop (E)
e, -CHOD — CHOD ————=—>  DCH,0D (E)

Scheme II. Methanol-Iodomethane [Radicals Present: OD, egz4™,

D, H, -CH,0D, -CH, (from e;q~+ CH;1), -CH,I (from OD + CH:})]
Polarization Pathways

(Radical pairs)

CH,- - CH,OD ——  CHCHOD (AE)
D- CH,I ———  DCH, (E at low field)
D-CH, ——  DCH, (AE)
CH,- -CH, —_— CH,CH, (E at low field)
e H —— H* . CH, (E)

And pathways in Scheme |

AE. Clearly, this polarization arises from the D -CH,OH pair,
since these two radicals have similar g factors.

The observed polarization (A) of ethylene glycol at high
fields and the magnetic field dependence of polarization
suggest that other radicals with larger g factors are also
present. Possibly oxygen centered radicals like CH30- are
involved.!* This is under investigation.

That the H radical carries polarization is shown by the ob-
served emission in water. In the case of emission in methanol
this pathway could not be very important since in D,O solution
there is very little H. This is true in other pathways involving
polarization carried by H (indicated by the asterisk) in
Schemes I-1V,

Scheme III. Acetate Systems [Radicals Present: OD, €aq™s D,H,
‘CH,CO,™, and -CH, (from OD + CH,CO,")]

Polarization Pathways

(Radical pairs)

= 0,CCH, - -CH,C0,” —— ~ (CHCO,), (A)
CHy, CH,CO,” — — CHCHCO,  (AE)
CH,-CH, —— CH,CH, (E at low field)
D-CH, ——— DCH, (AE)
€.~ “CH,00,” — CH,C0,” ——— DCH,CO,” ®)

—2 . HOD (E)
Ce” *H ——% , CH, (E)

[CACO: | cH,co (E)
e CH, — > CH, ——» DCH, (E)

Scheme IV, Acetate~Chloroacetate [Radicals Present: OD, epq~,
D, H, -CH,C0,~, -CH,, -CHCICO," (from OD + CH,CICO,")]

Polarization Pathways
(Radical pairs)

~0,CCHCI. -CHCICO,~ —— (CHCICO, ), (A)

CH,CO,” (AE)
"0,CCH,--CHCICO,” —— CHCICO,” (EA)
D -CHCICO,” —— DCHCICO,” (E)

And pathways in Scheme III

While probably most of e,4~ reacts with H (D) to give H;
some €4~ undergoes nonreactive encounters with H. Asis the
case with all reactions exhibiting CIDNP only a small fraction
of the total reaction may proceed through the latter pathway.
However, these nonreactive encounters with e~ appear to be
responsible for emission observed in the products from many
other radicals as will be illustrated.

Methanol—Iodomethane Systems. The aqueous solution of
methanol and iodomethane presents the opportunity to study
reaction of radicals that are produced by both primary radicals.
OH reacts predominately with methano! to give -CH,OH
radical while -«CHj3 radical is produced by e,q™ reaction with
iodomethane.

In N;O-saturated solution (Figure 4) the radicals -CH,OH,
-CH3, and H give rise to the following polarized products:
ethanol, methanol, methane, ethane, ethylene glycol, and
water. lodomethane can also be seen in emission at low fields.
All products exhibit strong polarization at low field with eth-
anol exhibiting typical near-zero-field multiplet intensities.
Increase of the irradiation field reduces the CIDNP intensities
and at high fields polarizations of iodomethane and methane
are harder to see and ethane polarization cannot be seen at
all,

The He-saturated aqueous solution (Figure 5) shows po-
larization of the same products. However, emission in methane
(actually CH;D) is more pronounced at high fields, methanol
is now seen in E at high fields, and the relative amounts of
polarized products are changed. The acidic solution of the
methanol-iodomethane mixture is shown in Figure 6. The
methane polarization is AE at high fields. Methanol is also AE
at 6000 G.

Study of methanol-iodomethane solutions supports the
assignment of the various polarization pathways in the meth-
anol and methanol-acetate systems.> The most interesting
feature is the polarization in methane (CH3D) and methanol,
which depends on the reaction conditions. In He-saturated
solution it is in emission due to e,q~ participation in the po-
larization pathway, as observed before for -CH,OH. Acidic
solutions yield CH3D in AE from the D -CHj pair. Polarization
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Figure 4. Methanol-iodomethane (N,O, pH 5.5). Fields: A, ~30 G; B,
2kG; C, 6 kG; D, 6 kG (no beam).

of methanol is analogous. The emission in ethane can be ob-
served only at low fields which is in agreement with the S-T_,
polarization pathway.!’

At low fields in both N,O- and He-saturated solutions io-
domethane is also observed. This product probably arises from
the pair D «CH,I, where -CH;I results from OH abstrac-
tion.

Ethylene Glycol. We have examined N,O- and He-saturated
solutions of ethylene glycol. In both cases the radical from
ethylene glycol is produced by hydrogen abstraction by OH.
It predominantly reacts with itself in the OH reaction system
or with H when it is available.

These results are consistent with our time-resolved EPR
study of the radical from ethylene glycol which indicated that
the radical disappearance occurs through reaction of the eth-
ylene glycol radical with itself (or a radical with similar g
factor) in N;O-saturated solutions.®

CIDNP is most pronounced at low fields, indicating that
S-T-) mixing is operative.

In He-saturated solution the principal polarized product is
ethylene glycol itself. The strong emission probably originates
in the e,q~ “CH(OH)CH,OH radical pair because of the large
g-factor difference. Very little coupling product can be seen.
Water is also in emission, which arises via the e,q~ polarization
outlined before.

Sodium Acetate. Reactions of the -CH,COO™ radical pro-
duced in the radiolysis of acetate have been studied by time-
resolved EPR study spectroscopy® and by NMR CIDNP.2
The time-resolved EPR study of the radical from acetate in-
dicates that the principal radical reactions are among these
radicals themselves or with radicals having similar g fac-
tors.

Several polarized products are observed in the CIDNP study
of pulse radiolysis of acetate solutions (Figures 7-10). Succi-
nate appears in enhanced absorption, propionate has two po-
larized AE multiplets (quartet at 2.4 ppm and triplet at 1.2
ppm), and methane can be seen at 0.2 ppm and ethane at 0.8
ppm. In more dilute solutions of acetate, acetate itself and H,O
show polarization. Figure 7 illustrates the CIDNP observed
in N,O-saturated solutions of acetate (acetate is at 2.1 ppm).
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Figure 5. Methanol-iodomethane (HE, pH 5.3). Fields: A, ~30 G (no
beam); B, ~30 G; C, 2kG; D, 6 kG.
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Figure 6. Methanol-iodomethane (He, pH 1.8). Fields: A, ~30G; B, 2
kG; C, 4kG; D, 6 kG; E, 6 kG (no beam).

When irradiation was carried out in very low fields, propionate
shows typical near-zero-field multiplet effects and methane
is in emission. At high fields propionate shows AE multiplets,
methane is in enhanced absorption, and ethane cannot be
seen.

He-saturated solutions of acetate were examined (Figure
8) and very similar polarization is observed in all products

Trifunac, Nelson / CIDNP in Radiolysis of Aqueous Solutions
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Figure 7. Sodium acetate (2.5 M) (N;0O, pH 7.6). Fields: A, ~30 G; B,
1 kG; C, 6 kG.

5 4 3 2 I 0

Figure 8. Sodium acetate (2.5 M) (He, pH 7.5). Fields: A, ~30 G; B, |
kG; C, 6 kG.

except that of methane which is now in emission at high fields.
Again ethane can be seen only at very low irradiation field.

Lower concentrations of acetate were also examined. Figure
9 illustrates the N,O-saturated solution of sodium acetate (0.4
M). At low fields succinate, acetate, and water are seen in
emission. Very little propionate can be seen. In high field
succinate is in enhanced absorption, acetate is in emission, and
methane is in enhanced absorption.

The He-saturated solution of sodium acetate at this lower
concentration is shown in Figure 10. Polarization of all prod-
ucts is the same except that of methane, which is in emission
at both low and high fields. The intensities of succinate and
acetate polarization at high fields are quite remarkable.

Higher concentrations of acetate yield more methane. As
one can conclude from the chloroacetate experiments, methane
occurs from OH reaction with acetate and not from the acetate
radical itself. Scheme II summarizes various polarization
pathways. Propionate polarization occurs in the CHj.-

5 4 3 2 )

Figure 9. Sodium acetate (0.4 M) (N2O, pH 6.9). Fields: A, ~30 G; B,
2kG; C, 6 kG (inset: gain X 2.5).

A CH3C00

| | | | I |

5 4 3 2 I 0

Figure 10. Sodium acetate (0.4 M) (He, pH 6.9). Fields: A, ~30 G (inset:
gain doubled); B, 2 kG; C, 6 kG.

CH,CO;™ pair and is AE as expected. Acetate and methane
owe their polarization to the presence of hydrated electron as
described before. Thus the polarization of methane (CH;D)
in high fields is an apt illustration of the various reaction
pathways followed as the reaction conditions are varied. In the
OH reaction system (N;O-saturated solution) methane can
be seen in absorption since in this system it is the radical with
the smallest g factor. When e,q~ is present methane is observed
in emission by the already discussed polarization pathway.

Chloroacetate-Acetate System. Sodium chloroacetate yields
.CH,COO~ radical by dissociative electron capture and
-CHCICOO™ radical by OH abstraction. Solutions of chlo-
roacetate alone and as a mixture with sodium acetate were
examined.

Figure 11 illustrates the CIDNP in He-saturated aqueous
chloroacetate solution. Numerous products can be seen. At 5.5
ppm a combination product of two chloroacetate radicals
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Figure 11. Sodium chloracetate (0.4 M) (He, pH 4.4). Fields: A,~30G;

B, 1kG;C,2kG; D,4kG; E, 6 kG; F, 6 kG (no beam).

(CICHCOO™); is noted. A cross combination product
(CHCICOO™)CH,COO" is assigned to the 4.7 ppm triplet
and 3 ppm doublet. Acetate can be seen in emission at 2.1 ppm
and succinate is also in emission at 2.7 ppm. Chloroacetate
itself shows some reduction in intensity especially at low field
(Figure 11A at 4.2 ppm). There are several other polarized
products whose identities could not be established, e.g., ab-
sorptions near 3.3 ppm.

When chloroacetate solutions were acidified, the spectra in
Figure 12 were obtained. There is less dichloro product
(CHCICOO™);. Acetate is AE at 2.1 ppm at high field. The
cross product (CHCICOO™)CH,COO™ is very strongly po-
larized.

Mixtures of excess sodium acetate and chloroacetate (Figure
13) in He-saturated solution yield methane and propionate.
No dichlorosuccinate can be seen and the cross product is
produced in smaller quantities.

The study of this system further substantiates our previous
assignment of products and polarization pathways. Chloroa-
cetate alone produces products from two radicals .CH,COO~
and -CHCICOO~. The coupling product of these two radicals
shows multiplet polarization with substantial g-factor con-
tribution. No methane can be seen except when acetate is
present. This clearly illustrates that methyl radical is produced
by OH reaction with acetate. In He-saturated solution acetate
can be seen in AE; otherwise it is E at high fields. Polarization
pathways are summarized in Scheme IV.

Conclusions

The study of pulse radiolysis by NMR CIDNP techniques
can yield numerous details of radical reaction mechanisms. The
variable field CIDNP study together with the variation of re-
action conditions allows assignment of almost all reaction
products in the systems studied. The observation of polarization
in all starting materials iljustrates the advantages of NMR
CIDNP study over more tedious product analysis. Further-
more, in addition to enabling us to detect and assign various
products of radiolysis, details of some reaction pathways that
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| CLCHCOOH
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Figure 12. Sodium chloroacetate (0.4 M) (He, pH 1.8). Fields: A, ~30
G; B,2kG: C, 6kG.
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Figure 13. Sodium acetate (2.5 M) /sodium chloroacetate (0.4 M) (He,
pH 6.9). Fields: A, ~30G; B, 2 kG; C, 6 kG.

yield these products can be defined. As merely one example,
the strong emissions in methane, methanol, and other products
which arise from the reaction of e,q~ with -CHj3, -CH,OH, or
other appropriate radicals illustrate the importance of €.~ in
the polarization pathway ! It is particularly revealing that the
primary radicals of pulse radiolysis (eaq~ and H) play such an
important role in the CIDNP of products.

Because higher radical concentrations were used in these
studies, radical lifetimes were quite short (1 us or less). How-

Trifunac, Nelson /| CIDNP in Radiolysis of Aqueous Solutions
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ever, it is believed that polarization needs several tens of a
nanosecond to develop. Thus it may be possible to use CIDNP
NMR to study the inhomogeneous reactions of radiation
chemistry (“spurts”, etc.).

Despite their differences, the common feature of both
magnetic polarization methods, CIDEP and CIDNP, is that
each reveals in its own fashion the memory of radical inter-
actions in solution.!” As a result, in addition to the many facets
of solution microdynamics which are revealed, both techniques
can be superb tools for the study of radical reaction mecha-
nisms in solution. This is especially true in radiation chemistry
where it may be possible to show that the polarization-pro-
ducing pathways can quantitatively reflect the bulk of radical
reactions in solution.
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Abstract: Using synchrotron radiation from the Wisconsin storage ring as the photon source, we have obtained valence band
and outermost d core level photoelectron spectra of a number of solid Sn, In, Sb, and Pb organometallic and inorganic com-
pounds containing phenyl (Ph), methyl (Me), chloride, and acetylacetonates (AcAc, BzAc, BzBz) as ligands. With a total in-
strumental resolution of 0.3 eV at 57 eV photon energies, we have obtained d core line widths in the low 0.7 eV region, within
0.15 eV of the corresponding metal line widths. Correlations of the Sn 4d line widths and chemical shifts with previously ob-
tained 3d widths and shifts show that we have minimized experimental difficulties such as charging and decomposition. The
resolution in the valence band region is good enough to detect and assign a large number of the valence band peaks. For exam-
ple, eight valence band peaks can be resolved in the PhySn spectrum, and these peaks can be assigned readily to the benzene
molecular orbitals and the Sn-C bonding orbitals. The routinely variable photon energy is sometimes useful for assigning
peaks in these spectra. The broadening of the Sn 4d peaks is attributed to an unresolved ligand field splitting. In particular, the
broadening is due to the asymmetry or electric field gradient C;° term in the crystal field expansion. From the known nuclear
field gradients, the magnitude of the C50 term (—0.036 £ 0.006 eV) in the Me,Sn compounds is shown to be consistent with
the | 10| values observed previously for Me,Cd (0.026 eV), XeF, (0.042 eV), and XeF4 (0.043 eV). These results show that
the electric field gradient splitting has to be considered as an important broadening mechanism (and splitting mechanism at
very high resolutions) in photoelectron and adsorption studies. The 4d and 5d spin-orbit splittings do not vary with the chemi-
cal environment. However, the ratio of the ds,»:d3/, intensities appears to be sensitive to the chemical environment and varies
considerably from the theoretical 1.5:1 ratio expected in an independent particle picture.

Photoelectron spectroscopy has been divided into two dis-
tinct areas because of the availability of simple intense light
sources. If the photon energy is in the vacuum ultraviolet
(VUYV) range [for example, He(I) (21.2 ¢V) or He(II) (40.8
eV)], the technique is often called ultraviolet photoelectron
spectroscopy (UPS).22 If the photon energy is in the x-ray
range [for example, Mg Kar (1253 ¢V) or Al Ka (1486 ¢V)],

the technique is called x-ray photoelectron spectroscopy (XPS
or ESCA).2® The former technique has been used predomi-
nantly to study valence levels of gases at high instrumental
resolution (<20 meV) and solids at lower resolution (<0.3 eV),
while the latter technique is used normally to study core levels
at comparatively low resolution (0.6 eV). In the x-ray case,
the large line widths usually observed arise mainly from the

Journal of the American Chemical Society | 99:6 /| March 16, 1977



