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Electron paramagnetic resonance (EPR) has been used to identify and analyze a CrQ} ™ species produced
by UV irradiation in single crystals of chromate-doped methylammonium aluminum alum and in
potassium aluminum alum lightly codoped with the methylammonium ion. The photoreduction is a
simple reduction of the type CrOj~ + ¢~ — CrOj". where the odd electron is a photoelectron liberated

by the methylammonium ion.

1. Introduction

It is known that by itself the chromate
ion, CrOj~, is insensitive to UV light (I).
This insensitivity has been explained in
terms of a “‘hot”’ ground state; namely, the
absorbed photon energy is transformed into
the vibrational energy of the ground state.
However, in the presence of a reducing
agent, photoreduction of the chromate ion
is possible. A brief review on the photore-
duction of the chromate ion was given by
Adamson et al. (I). The materials pre-
viously investigated were in liquid solutions
or glassy matrices (/). The mechanism and
product of the UV photochemical reaction
of the chromate ion in the solid state could
be different from those in the liquid state.
We have investigated the UV photochemi-
cal reaction of the chromate ion doped into
single crystals of methylammonium and po-
tassium aluminum alums. The method of in-
vestigation is electron paramagnetic reso-
nance (EPR). The Cr*" (3d°) ion of CrQ}-
is diamagnetic and hence EPR silent. How-
ever, if reduced to either Cr** (34" or Cré+
(3dY), it is detectable by EPR,

We have found, via EPR, a Cr(V) species
{(which we will call simply the species) in
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chromate-doped single crystals of methyl-
ammonium aluminum alum, CH;NH,
Al(50,), - 12 H,0O (which we abbreviate as
MASD), irradiated with UV light at room
temperature. Neither Cr(V) nor Cr(I1I) spe-
cies can be detected by EPR in single crys-
tals of chromate-doped potassium alumi-
num alum, KAKS0,),-12 H,O (which we
will call simply potassium alum) irradiated
with UV. However, a Cr(V) species can be
detected in single crystals of potassium alum
lightly codoped with the methylammonium
ion, CH;NH; (nominally 1% in solution).
The EPR spectrum of this species in potas-
sium alum is similar to the species in MASD.
Furthermore, the EPR spectrum of this spe-
cies in potassium alum is identical to that
¢xhibited by the Cr(}~ species produced by
y-irradiation in chromate-doped potassium
alum. The UV-photolyzed Cr(V) species
can thus be identified as a Cr(Q3}~ ion, and
the UV photochemical reaction as a simple
reduction of the type CrOi~ + e~ —
CrO;~. It can be inferred that the photoelec-
tron is liberated by the methylammonium
ion.

The paramagnetic CrOJ~ ion is conven-
tionally produced via either X- or y-irradia-
tion. Yu and co-workers (2, 3) recently re-
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ported a thermal method of production.
They have investigated via EPR the produc-
tion of a CrO;}~ species in single crystals of
(NH,).H(S¢0,),: CrO;~ (2) and in single
crystals of (NH,),SnCl; and K,3nCl; doped
with NH; (3), via thermal treatment at tem-
peratures well below the decomposition
temperature of the host compound. The
thermal electron acquired by CrOZ~ to form
CrOj~ is released by the ammonium ion
(2, 3). The UV production reported in this
paper represents a new method of producing
the CrQ}~ ion.

2. Experimental

Pure MASD crystals were crystallized at
20°C from aqueous solutions made up
of appropriate quantities of CH;NH,-
HCl, H,S0,, and Al(S0,);-18H,0.
MASD: CrO3~ crystals were grown by dis-
solving MASD crystals and Li,CrO, in dis-
tilled water. The concentration of CrO}~ in
MASD crystals was apparently very low,
because the characteristic color of the chro-
mate ion was light at best. MASD normally
crystallizes as irregularly shaped crystals,
showing mainly {111} and {021} crystal faces
(4). We have found that the chromate ion
is a very efficient habit modifier for the
growth of octahedral crystals; octahedral
crystals showing {111} and {001} crystal
faces can be obtained for MASD. The avail-
ability of {001}-type crystal faces greatly fa-
cilitates the analysis of the single-crystal
EPR spectrum.

If the chromate ion was doped during the
initial preparation and growth of MASD
(sulfuric acid was present in the growth
solution), then the MASD : Cr(Q;~ crystals
obtained frequently exhibited a Cr’* EPR
spectrum which is identical to that of the
Cr** ion intentionally doped into MASD
crystals (4). This indicates a CrQ}~ — Cr**
reaction in solution. The EPR spectrum ip-
tensity of this unintentional Cr** ion is much
weaker in recrystallized MASD:CrO3-
crystals, especially for crystals obtained
within afew days after the preparation of the
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growth solution. We usually took an EPR
measurement prior to UV irradiation, to
make sure that the spectrum intensity of
Cr’* is very weak. However, this phenome-
non does not adversely affect the investiga-
tion of the UV photochemical reaction
(CrO;~ + e — CrOj") reported in this
paper, since photoreduction of the type
CrOj~ — Cr** was not observed.

Crystals of potassium alum doped with
CrOj~ were grown at 20°C from aqueous
solutions. Crystals of deuterated potassium
alum doped with the chromate ion,
KAI(SO,), 12 D,0: CrO}~, were grown at
20°C by dissolving anhydrous potassium
alum and potassium chromate into 99.73%
pure D,O. The unintentional doping of Cr**
is not as significant as the case of MASD.

We used a Bruker 200 W UV irradiation
system. UV irradiation was carried out at
room temperature by placing the crystal in
front of the UV lamp for 20-70 hr, with or
without & bandpass filter (220-420 nm). The
results are identical, but the yield of the
photolyzed Cr(V) species is greater for un-
filtered UV irradiation. Furthermore, the
abserved Cr{(VI) — Cr(V) reaction cannot
be detected in MASD : CrO; ™ crystals ther-
mally treated at 40°C for 3 days (for unfil-
tered UV irradiation, the temperature of the
crystal increased at most by a few degrees).
This indicates that the observed reduction
of the chromate ion is definitely photochem-
ical in origin. y-irradiation was carried out
at ambient temperature, using a Co® source,
for a total dosage of approximately 2-5
MRad. An X-band (microwave cavity fre-
quency about 9.5 GHz} Bruker ER 200 D
spectrometer, equipped with goniometers
and low-temperature accessories, was used
to make EPR measurements.

3. Results and Discussion

A. EPR Spectrum

A spin § = { paramagnetic species which
can be identified as a Cr(V) species can be
observed by EPR in UV-rradiated
MASD : CrOZ- crystais. This EPR spectrum
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Fic. 1. A 160 K, {100]-oriented EPR spectrum of the
UV-photolyzed Cr(V) species ina MASD : CrO3~ crys-
tal. There are three degenerate inequivalent sites at
this orientation, and the corresponding EPR lines are
designated as the A, B, and C lines. The inequivalence
of the two proton splittings (see the four lines marked
C,-C,) is most evident at orientations perpendicular to
the quasi-symmetry axis of this Cr(V) species

can be observed at room temperature, but
the spectrum resolution is improved at low
temperatures. Figure 1 shows a 160-K,
[100])-oriented EPR spectrum of the species
in a MASD: CrOj~ crystal irradiated with
UV for 50 hr. The resolution of the EPR
spectrum at 160 K is stilt incomplete (down
to about 100 K), such that it is difficult to
interpret the observed EPR spectrum at any
orientation. This can be accomplished only
through an analysis of the (001), (111), and
(110) rotation patterns. Figure 2 shows the
observed and fitted (00}1) rotation pattern
and Figure 3 the (111) rotation pattern. At
160 K, the observed rotation pattern can be
analyzed by assuming that the odd electron
of the species interacts with two nearby pro-
tons (of the hydration waters). At 160 K,
these two protons are magnetically inequiv-
alent in MASD. The g-factor can be ana-
lyzed by the effective g-factor (5)

R = [PT, + m’T,, + A'T,. + 2mT,, +
dmnT,, + 20T, )", (1)

where the 3 X 3 T; matrix is the square of
the g-matrix, which is assumed to be sym-
metric, and {, m, n are the directional co-
sines of the magnetic field with respect to
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FiG. 2. The observed and fitted (001) rotation pat-
terns at 160 K of the UV-photolyzed Cr(V) species in
MASD: CrOj~ crystals. This pattern shows six degen-
erate inequivalent sites. The experimental evidence of
the inequivalence of the two proton splittings is very
conclusive.

the reference axes which were chosen as
parallel to the three cubic axes of the host
lattice. Because the observed proton hyper-
fine splitting is much smaller than the Zee-
man splitting, the former can be regarded
as a perturbation to the latter; the effective
hyperfine splittings can also be analyzed us-
ing an equation similar in form to Eq. (1).
The evaluated principal values and principal
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F1G. 3. The observed and fitted (111) rotation pat-
terns at 160 K of the photolyzed Cr(V) species in
MASD : CrOj" crystals. This pattern shows 12 inequiv-
alent sites.
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TABLE 1

THE EVALUATED PRINCIPAL VALUES AND PRINCIPAL AXES FOR THE g-FACTOR AND THE TwWo (H, anp H;)
PrOTON HYPERFINE SPLITTINGS (IN GaUsS) AT 160 K, For THE CrO}™ SPECIES PRODUCED via ErTHER UV-

OR ¥-IRRADIATION (N MASD AND PoTASSIUM ALUM

Host lattice g-factor Hyperfine splitting Irradiation
CH;NH;AKSO,), H, uv
<12 H,0
1.9388: [ 0.6986, 0.6704, 0.2501] 12.2: [ 0.8249, 0.4691, —0.3153]
1.9831: [ 0.0205, —0.3681, 0.9296]  8.0: [—-0.2521, 0.8047, 0.5375]
1.9811: {—-0.7152, 0.6442, 0.2709] 8.8:[ 0.5059, —0.3639, 0.7821}
H,
143 [ 0.6676, (.0066, —0.7445]
10.7: [ 0.4435, 0.7997, 0.4047]
5.6:[ 0.5981, —0.6003, 0.5310]
KAI(SO,), - 12 H,O H, and H, UV and y
1.9400: [ 0.6924, 0.6749, 0.2553] 12.9: [ 0.7661, —0.3389, 0.5461]
1.9845: [ 0.2343, —0.5449, 0.8051]  8.9: [ 0.5858, 0.0185, —0.8103]
1.9816: [—-0.6824, 0.4976, 0.5354] 7.6:[ 0.2645, 0.9406, 0.2127}
KAI(SOy), - 12 H,O  1.9406: [ 0.6683, 0.7036, 0.2416] b%

1.5838: 1 0.35356, —0.0018, 0.9341]

1.9816: [—0.6528,

0.7104, 0.2630]

Note. Ouly one set of the principal axes is listed; the other 11 sets can be obtained by similarity transformations.,

axes for the g-matrix and the two proton
hyperfine matrices are listed in Table I.

The diagonal elements of the T; matrix for
the g-factor (and proton hyperfine splittings)
and the absolute values of the off-diagonal
elements were evaluated from the observed
(001) rotation pattern, and the relative signs
of the off-diagonal clements were deter-
mined from the observed (111) or (110} rota-
tion pattern.

Crystals of MASD commonly crystallize
in a cubic Pa3 (T$) structure (6). The proper
rotation group of this structure is the cubic
T group, so that there are twelve potentially
magnetically inequivalent sites associated
with each paramagnetic species (7, 8). The
species shows rhombic symmetry. Al-
though the magnetic symmetry is almost
axial (see Table I), the direction of this
quasi-symmetry axis deviates from a [111]
direction. Consequently, there are 12 distin-
guishable inequivalent sites in a (I1]) or a
(110) plane, and 6 degenerate inequivalent
sites in a (001) plane.

The observed rotation patterns at room

temperature also indicate hyperfine split-
tings due to two protons. Because the reso-
lution is poor, we are uncertain whether
these two protons are magnetically inequiv-
alent or not. However, there is no definite
evidence of inequivalence. Because this is
not directly related to the purpose of this
present paper, we refrain from any further
discussion on this topic.

Crystals of potassium alum doped singly
with CrO3~ and UV-irradiated did not ex-
hibit any Cr(V) or Cr(lII} EPR spectrum.
However, when lightly codoped (about I
mole% in solution) with MASD, a UV-pho-
tolyzed (for 50 hr of irradiation) Cr(V) spe-
cies can be detected. The EPR spectrum
exhibited by this species is almost identical
to that of the species produced by UV-irra-
diation in MASD. Furthermore, this EPR
spectrum is identical to that exhibited by
the CrOj~ species produced by y-irradiation
in crystals of chromate-doped potassium
alum. Chowdari and Ravi Sekhar (9) re-
ported the EPR of the CrO;~ ion produced
by vy-irradiation in crystals of chromate-
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F1G. 4. The observed and fitted {111} rotation pat-
terns at 160 K of the CrO3~ species produced via -
irradiation in a KANSO,), - 12 3,0 - Cr0}~ crystal. The
deuteron splittings are not resolved.

doped potassium alum, but their analysis of
the EPR spectrum was incorrect. A correct
analysis of this EPR spectrum was given by
Chou and Yu {/0), although they did not
analyze the proton hyperfine splittings. We
have found that the yield of the species for
50 hr of U V-irradiation is comparable to that
for 2 MRad of y-irradiation.

The EPR spectrum of the species pro-
duced in crystals of potassium alum is also
complicated, due to the presence of a large
number of inequivalent sites (12) and the
proton hyperfine structure. The EPR spec-
trum of the species in KAI(SO,),- 12D,0
crystals is stmpler, because deuteron hyper-
fine splittings are not resolved. Figure 4
shows the observed and fitted (111) ro-
tation patterns at 160 K of the species
produced by wy-irradiation in KAI(SO,),-
12D,0: CrOj~ crystals. The evaluated prin-
cipal values and principal axes for the g-
factor are listed in Table 1. The principal
values and axes for the g- and the proton
hyperfine matrices (see Table 1) of the spe-
cies produced by either y- or UV-irradiation
in KAI(SO,), - 12H,0 were determined from
the observed rotation patterns at 160 K in
a (001) plane (not shown, but quite similar
to Fig. 2) and a (110) plane (see Fig. 5). In
¢rystals of normal potassium alum, the odd
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electron of the species also interacts with
two nearby protons of the hydration waters,
but these two protons can be regarded as
magnetically equivalent at room tempera-
ture and at 160 K.

B. Nature of the Photolyzed
Cr(V) Species

The EPR of Cr(V) species (3d'; § = ),
in the forms of CrO}~, CrO; , and Cr’* ions
coordinated to oxygen or other type of li-
gands, has been investigated in many differ-
ent crystal lattices, Cr(V) species c¢an be
classified into two types: Those that can be
detected by EPR at room temperature and
those that can be detected by EPR only at
very low temperatures. In the former case,
the orbital ground state is observed to be a
3d,2_,» state. If the magnetic symmetry is
axial or quasi-axial, then g; < g, for such
an orbital ground state. The CrQJ~ ion pro-
duced via either y- or UV-irradiation in
MASD and potassium alum belongs to
such a type. The EPR of CrQ;~ produced
in KH,PO,-type ferroelectrics and antiferro-
clectrics has been reviewed by Dalal (11).
The orbital ground state of CrQj~ in
KH,PO,-type crystals is the x? — y? state.
Greenblatt (12) reviewed the EPR of
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FiG. 5. The observed and fitted (110) rotation pat-
terns at 160 K of the Cr(V) species produced via either
v- or UV-irradiation in KAYS0,),- 12 H,0 - CrO3~
crystals,



390

CrO;~ ions produced in some phosphate-
type compounds; the ground state is other
than the x* — y? state and can be detected
by EPR only at very low temperatures.

The sulfate tetrahedron in crystals of ei-
ther MASD or potassium alum possesses
trigonal symmetry (6), with a [111] axis as
the threefold axis. The observed symmetry
of the CrO}~ ion produced either via y- or
UV-irradiation in MASD or potassium alum
is almost axial, but the quasi-axis deviates
from the [111] axis. The angle of deviation
is 20.8° in MASD at 160 K and 20.5° in po-
tassium alum at 160 K. This deviation can
be explained by assuming that when a
CrO;~ tetrahedron replaces a SO; ™ tetrahe-
dron, it becomes distorted. The oxygens of
the sulfate tetrahedron are hydrogen-
bonded to hydration waters in alums; there-
fore the two protons observed to be coupled
to the CrQOj~ ion belong to these hydra-
tion waters,

C. Origin of the Photoelectron

It is known that radicals such as SO;
and/or SO; can be produced in sulfate crys-
tals via either y- or x-irradiation (/3). Free
electrons may be liberated in the radiolysis
of the sulfate group and can be absorbed by
Cr0}~ to form CrO3;~. The SO; radical pro-
duced by y-irradiation has been detected by
EPR in crystals of potassium alum (/4).
However, crystals of potassium alum irradi-
ated with UV did not exhibit any EPR-
detectable radical species such as SO,
S0; . S0, , or Oy . Therefore, it ts unlikely
that the odd electron of the species origi-
nates from the sulfate group.

It is also known that OH radical can
be produced via the radiolysis of hydration
waters (15, I6); it can be produced via
electron, X-ray, y-ray, or even UV irradia-
tion. Free electrons may be liberated in
the radiolysis of the hydration waters, But
since the CrO}~ + ¢~ — CrOj reduction
cannot be detected by EPR in crystals of
chromate-doped potassium alum for 50 hr
of UV irradiation, this mechanism cannot
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be responsible for the production of the
species.

The most significant experimental evi-
dence that we have gathered is the fact
that the species can be produced in crystals
of potash ajlum lightly (1% in solution)
doped with the methylammoniem ion,
CH,NH; . This experimental result indi-
cates that the odd electron originates from
the CH,NH; ion. The actual concentration
of the CH,NH; ion has not been deter-
mined, but it should not exceed the nomi-
nal value too much. Hence, the odd elec-
tron acquired by the species in crystals of
potash alum lightly doped with CH;NHy
is in the form of a free electron (photoelec-
tron). These free electrons can apparently
travel over a large distance (on a micro-
scopic scale} before it is absorbed by the
chromate ion. It can be concluded that
photoelectrons are liberated by the
CH,;NH; ion in potassium alum when it

-is irradiated with UV light.

A stable free radical, in the form of
NH,CH; ., has been detected by EPR in
y-irradiated MASD crystals (/7), but can-
not be detected by EPR in UV-irradiated
(for 50 hr) MASD crystals. We have found
that UV light very efficiently bleaches the
NH,CH; radical produced by y-irradiation
in MASD crystals. UV irradiation for 1 hr
reduced the population of the NH,CH;
radical to 45% of its original value. This
may explain the absence of any EPR-de-
tectable NH,CH,' radical in UV-irradiated
(at room temperature) MASD crystals, The
CH,NH; ion can be formed in aqueous
solutions by the reaction of CH;NH,
and HCI. This third hydrogen of the ammo-
nium group of CH;NH; can be regarded
as an “‘acid’ hydrogen, which should be
more unstable and chemically reactive
than the other hydrogens of CH;NH;". We
postulate that the free electron is liber-
ated when this N-H bond is broken by
the UV photon, but the NH,CH; radical
produced is very quickly bleached by UV
light. The final product of the UV photodis-
sociation of the CH;NHS ion in MASD is
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diamagnetic and cannot be identified by
EPR.

4. Conclusions

We have found via EPR that, although
the CrO2~ ion is by itself UV-photo insensi-
tive, photoreduction of the type CrOQi~ +
¢~ — CrO;~ can be accomplished with the
assistance of the CH;NH; ion. CH;NH{ is
apparently a strong source of UV photoelec-
trons. CH;NH; has been found to be a pow-
erful reducing agent for the thermal reduc-
tion of the doped chromate ion in solids (3).
Interestingty, when CH,NH; was used as
the reducing agent (its concentration was
kept at low levels), the only kind of thermal
reduction for the chromate ion detected by
EPR is CrO}~ — Cr*'; namely, simple re-
duction of the form CrO}~ + e~ —
CrO}~ was not found (3). One could assume
that when thermally excited, CH;NH; dis-
sociates thermally with the liberation of free
electrons and protons which react with the
chromate ion to produce the Cr** detected
by EPR (3).

On the other hand, UV photoreduction of
the type CrO}~ — Cr’* was not observed
in MASD : CrO;~ crystals. One reason for
this could be that the UV irradiation we
have experimented was conducted at room
temperature, so the chromate ion was insuf-
ficiently thermally excited to react with the
free electrons and protons released by the
photodissociated CH;NH;. However, we
have recently observed, via EPR, an UV
photoreduction of the type CrO;~ — Cr’*
in chromate-doped (CH,NH;},SnCl, and
[NH(CH,);],SnClg crystals (the details will
be reported at a lQater date). Both
CH,NH; and [NH{CH;);]* have been
found to be powerful reducing agents for the
reduction of the chromate ion to Cr®* (3).
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It is known that compounds of methylam-
monium have been used in the UV photo-
passivation of defects in semiconductors.
The mechanism is apparently the passiv-
ation of defects by the free hydrogens re-
leased via the photodissociation of the
CH,NH; ion. In this. respect, it seems
worthwhile to investigate the role played by
the CH;NH; or (NH(CH;);] " ionin the pho-
todissociation of the chromate ion.
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