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Figure 4—Comparative permeability of aspirin (curve 3), methyl-
thiomethyl 2-acetoxybenzoate (III) (curve 1), and methylsulfinylmethyl
2-acetoxybenzoate (IV) (curve 2) through hairless mice skin.

while the major part, ~70% of the dose penetrating the skin, is hydrolyzed
in the skin to salicylic acid during absorption (Fig. 1).

The hydrolysis half-life of the methylthiomethyl derivative (III) to
aspirin was ~10 min and that of VI to salicylic acid, at 30° and pH 5.4,
was ~9 min. If any significant amounts of aspirin are formed during
passage through the skin or if III penetrates the skin without being me-
tabolized, aspirin would be detected in the receptor phase. On the other
hand, only salicylic acid was found when III was applied to the skin, which
means that 111 is metabolized in the skin to VI or salicylic acid or both
(Fig. 2). .

The hydrolysis half-life of the methylsulfinylmethyl derivative (IV)
to aspirin was ~10 days and that of VII to salicylic acid, at 30° and pH
5.4, was ~6 days. Thus, very little hydrolysis should occur in the receptor
phase and almost all metabolites of IV detected in the receptor phase
must be formed in the enzymatic cleavage in the skin. No aspirin was
detected in the receptor phase after application of IV to the skin; only
large amounts of VII and salicylic acid were found (Fig. 3). These results
indicate that ~57% of IV penetrating the skin is metabolized to VII and
that ~43% of IV is metabolized to salicylic acid.

The comparative cumulative penetration profiles for aspirin, I1l, and

1V are shown in Fig. 4, The methylthiomethyl derivative (III) of aspirin
is absorbed at a rate about two times faster than that of aspirin, while the
methylsulfinylmethyl derivative (IV) is absorbed at the same rate as
aspirin within experimental error.

It is clear that significant metabolism of all salicylic acid derivatives,
including aspirin and its prodrugs, occur in the fresh mouse skin. The
various ester functions hydrolyze with different rates and in a different
order than what was shown to be their chemical hydrolysis or enzymatic
cleavage in plasma or after the intravenous in vivo administration. The
amounts penetrating the skin, however, are significant. It is possible to
achieve therapeutic levels either as keratolytic or anti-inflammatory or
analgesic agents. Further in vivo studies should be performed to answer
these guestions.
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Abstract 0O X-ray diffraction and IR and 27A1-NMR spectroscopy in-
dicate that aluminum chlorohydrate is composed of a central aluminum
in a tetrahedral configuration surrounded by 12 aluminum atoms in oc-
tahedral configuration. The complex, Al;304(0H)24(H0)13, is essentially
spherical, with the +7 charge equally distributed on the surface. Seven
chloride ions are associated with the complex as counterions. This
structure is consistent with both the method of synthesis and the pro-
posed mechanisms of antiperspirant activity.

Keyphrases O Aluminum chlorchydrate—structure proposed by X-ray
diffraction and IR and 27Al-NMR spectroscopy O X-ray diffraction—
aluminum chlorohydrate, structure proposed 0O Spectroscopy, IR—
aluminum chlorohydrate, structure proposed O 27Al-NMR spectros-
copy—aluminum chlorohydrate, structure proposed O Antiperspirant
activity-—aluminum chlorohydrate, structure proposed based on X-ray
diffraction and IR and 27A1-NMR spectroscopic studies

Aluminum chlorohydrate, a basic aluminum complex,
is widely used for its antiperspirant activity, for sealing
porous strata in oil drilling operations, and to control the
viscosity of kaolinite clays. It is known as aluminum
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chlorohydrate, aluminum hydroxychloride, basic alumi-
num chloride, or chlorhydrol. The empirical formula,
Al>(OH)5CI1-2H50, is known (1), but the structure has not
been characterized. The chemistry of partially hydrolyzed
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aluminum solutions has been studied extensively, and
various aluminum species have been proposed. At high
degrees of hydrolysis, which is suggested by the hydroxyl
to aluminum ratio of 2.5 in the empirical formula, the
proposed aluminum species include: Alg(OH);2(H20)%5
(2)9 AIS(OH)gg (37 4)) A11304(OH)24(H20)Z-2+ (5_10)7
Ali4(OH)3T (11, 12), Al (OH)o(H:0)3¢  to
Al;(OH),44(H0)8% (13), Alg(OH)16(H20)i% (14),
Ale(OH)150l+ (14), and Algo—Alzoo (15)

This study investigated the structure of aluminum
chlorohydrate using X-ray diffraction and IR and 27Al-
NMR spectroscopy.

EXPERIMENTAL

X-Ray Diffraction—Commercial aluminum chlorohydrate! solutions
|50% (w/w)] were air dried, and a powder was prepared by trituration in
an agate mortar and pestle. Randomly oriented powder samples were
prepared in McCreery mounts. Diffractograms were recorded? from 4
to 60° 26 under the following conditions: CuK,, radiation, 30 kv, 28 mamp,
1000 cps, and 2°/min.

The molecular dimension of aluminum chlorchydrate was determined
by examining the increase in the interlayer spacing of montmorillonite
as a result of intercalation of aluminum chlorohydrate. Approximately
50 ml of a 0.69% suspension of sodium-saturated montmorillonite was
centrifuged at 5000 rpm for 5 min. The supernate was discarded, and the
clay was resuspended in 50 ml of a 25% (w/w) aluminum chlorohydrate
solution. The suspension was centrifuged as described, and the clay was
resuspended in a second portion of aluminum chlorohydrate solution.

The process was repeated a total of four times to ensure complete
saturation of the clay by aluminum chlorohydrate. The aluminum chlo-
rohydrate-saturated montmorillonite was washed four times with dou-
ble-distilled water by following the described procedure and then was
air dried and stored in a vacuum desiccator. X-ray diffractograms were
recorded while using special precautions to avoid the adsorption of water
by the clay (16).

IR Spectroscopy—Air-dried aluminum chlorohydrate was incorpo-
rated into potassium bromide pellets, and the IR spectrum was re-
corded?.

NMR Spectroscopy—Aluminum chlorohydrate solutions were di-
luted with deuterium oxide to produce solutions that were 1 M in alu-
minum. The 27A1-NMR spectrum was obtained at 20.723 MHz and 18.7
kg*. Potassium aluminum sulfate (0.1 M) in acidified deuterium oxide
at pH 1 was the reference. The chemical shift of tetrahedral aluminum
in aluminate, AI{OH)g, was determined from a solution of aluminum
chloride titrated with sodium deuteroxide to the soluble region above pH
10.

RESULTS AND DISCUSSION

An X-ray diffractogram of aluminum chlorohydrate characteristic of
all of the commercial samples is shown in Fig. 1. A broad peak occurred
in the range of 4-10° 26, indicating a d-spacing of 11.8 A. The X-ray
diffractogram indicated a poorly ordered material. The line broadening
at 11.8 A suggested a crystallite dimension that is normal to the reflecting
planes hkl of ~50 A. No well-crystallized forms of aluminum hydroxide
such as gibbsite or bayerite were seen.

To estimate the size of the aluminum chlorohydrate complex, mont-
morillonite was used as a molecular caliper (17, 18). The X-ray diffrac-
tograms indicated that the interlayer spacing of montmorillonite in-
creased by 8.9 A as a result of aluminum chlorohydrate intercalation.
Thus, the minimum dimension of aluminum chlorohydrate is believed
to be 8.9 A,

The proposed structures of highly hydrolyzed aluminum species were

! Lot 8473, Wicken Products, Huguenot, N.Y.; Chlorhydrol, lots 6178 and 5880,
Reheis Chemical Co., Berkeley Heights, N.J.; Astringen, lot 4445, Robinson Wagner,
Mamaroneck, N.Y.; lot 6138, Delmar, Eik Grove Village, N.Y.; and lot 735, Summit
Research Laboratories, Somerset, N.J. All commercial samples gave similar X-ray
diffractograms and IR and 27A1-NMR spectra. All data in this report were obtained
using lot 8473, Wicken Products, Huguenot, N.Y.

2 Siemens AG Kristalloflex 4 generator, type F diffractometer, Karlsruhe, West
Germany.

3 Mod)(le] 180, Perkin-Elmer Corp., Norwalk, Conn.

4 F'T-80, Varian Associates, Palo Alto, Calif.

L 1 1 Il
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Figure 1—X-ray diffractogram of aluminum chlorohydrate.

examined to determine if any species has a dimension of ~8.9 A. The
Al;304(0H)44(H50)}3 complex is essentially spherical and is closest in
size, 9 A (6), to the experimentally determined size of aluminum chlor-
ohydrate.

The empirical formula for aluminum chlorohydrate, Al,(OH)sCl-2H,0
(1), gives an aluminum to chloride ratio of 2:1, an aluminum to water ratio
of 1:1, and an hydroxyl to aluminum ratio of 2.5:1 and compares well to
the formula for the Alj304(0OH)24(H50)73 complex if seven chloride an-
ions are assumed to be present to neutralize the charge of the complex.
The aluminum to chloride ratio of the proposed complex is 13:7 or ~2:1,
and its aluminum to water ratio is 13:12 or approximately equal to the
1:1 ratio of the empirical formula. Its hydroxyl to aluminum ratio is 24:13.
However, the four oxygen atoms in the proposed complex would appear
as eight hydroxyl anions by the techniques commonly used to establish
the stoichiometry of aluminum compounds (19). Therefore, the hydroxyl
to aluminum ratio of the proposed complex would appear to be 32:13 or
~2.5:1, as for the empirical formula.

The excellent fit of the stoichiometry of the Alj304(0H)24(H20)1
complex to the empirical formula for commercial aluminum chlorohy-
drate further supports the hypothesis that the Al;30,(0H)24(H0)]3
complex is the structure of aluminum chlorohydrate. The small differ-
ences between the generally accepted empirical formula and the hy-
pothesized structure may be due to the minor presence of other aluminum
species in aluminum chlorohydrate and to the relatively nonspecific
methods used for establishing the empirical formula.

The structure of the Al;305(0OH)24(H20)77 complex is shown in Fig.
2. This structure is unusual since it contains a central aluminum atom

Figure 2—Structure of the Al1304(OH)24(H20)73 complex showing the
tetrahedral aluminum surrounded by 12 aluminums in octahedral
configuration. (Reproduced, with permission, from Ref. 8.)
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in a tetrahedral environment surrounded by 12 aluminum atoms in oc-
tahedral environments. Aluminum in a tetrahedral environment is
characterized by aluminate, AI(OH)y, which only exists at high pH
conditions. Aluminum in octahedral configuration occurs at neutral and
acidic pH conditions and is the configuration of aluminum in aluminum
hydroxide. Thus, aluminum chlorohydrate was examined by IR and
27A1-NMR spectroscopy to determine if aluminum was present in both
octahedral and tetrahedral environments.

IR spectra have been published for aluminum chlorohydrate, alumi-
num hydroxide chloride, aluminum hydroxide, and hydrolyzed alumina
(20-24). Based on these reports, the 3700-3400-cm ! region should show
hydroxyl-stretching vibrations for ionic or surface hydroxyl anions. The
hydroxyl-stretching vibrations of aluminum in octahedral configuration,
Al(H20)2*, should occur between 3100 and 2500 cm~!. The region of
1200-800 cm™! should show absorption bands for the deformation of
Al-O-H or AI-OH-Al Absorption bands for the rocking of coordinated
water and the vibrations of AlOg octahedra should occur below 800 cm™~?,
IR absorption bands for aluminum in tetrahedra) configuration were
assigned as follows based on the IR spectrum of aluminate, Al(OH);:
725 cm~!, AlQ4 antisymmetric stretching; 625 cm~1, AlQ4 symmetric
stretching; and 325 cm™!, AlO, antisymmetric bending (25). The 800-
cm™! band in synthetic trioctahedral analogs of kaolinite was assigned
as Al-O tetrahedral vibrations (26).

Figure 3 shows the hydroxyl-stretching region of the IR spectrum of
aluminum chlorohydrate. Riesgraf and May (20) assigned the 3400-cm™!
band to the stretching of hydroxyl anions bound to aluminum. Bands
between 3000 and 2500 cm™! were attributed to antisymmetric and
symmetric stretching of water coordinated to aluminum. No changes were
observed in this region of the IR spectrum during aging, as was observed
for aluminum hydroxide (22, 23).

Figure 4 shows the IR spectrum of aluminum chlorohydrate for the
1200-300-cm™! region. The 1080-cm™~! band was assigned as AlI-O-H
bending of bridge hydroxyl anions, and the 970-cm~! band was assigned
as Al-OH deformation bending of Al-OH and Al-OHj; (20). The bands
at 780 and 640 cm~! were observed previously but not assigned (20).
Based on the assignments of aluminum in a tetrahedral environment. (25,
26), the bands at 780, 640, and 345 cm™! (Fig. 4) can be assigned as an
AlQ4 antisymmetric stretch frequency, an AlO4 symmetric stretch fre-
quency, and an AlQ, antisymmetric bending frequency, respectively.
Both the AlQ4 antisymmetric stretching and AlQ4 symmetric stretching
bands occurred at higher frequencies than were observed in aluminate,
Al(OH);. This finding indicates that a slightly longer Al-O bond is
present in the tetrahedral aluminum of aluminum chlorohydrate in
comparison to aluminate. Thus, the IR spectrum of aluminum chlor-
ohydrate clearly shows the presence of aluminum in both octahedral and
tetrahedral configurations and suggests that the tetrahedral aluminum
interacts with the octahedral aluminum atoms.

27A1-NMR spectroscopy has been used to investigate aluminum
complexes in solution (9, 25, 27-36). The 2?Al-NMR spectrum of alumi-
num chlorohydrate at pH 4.8 (Fig. 5) consisted of three distinct signals:
a sharp peak at 63.5 ppm and two broad peaks at ~1.7 and —0.4 ppm. The
relative chemical shift differences were referenced to an external standard
of AI(H20)¢* at pH 1. The peak at 63.5 ppm is indicative of an Al-O bond
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Figure 3—IR spectrum of aluminum chlorohydrate in the 4000-
2000-cm ™! region.
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Figure 4—IR spectrum of aluminum chlorohydrate in the 1200-200-
em ™! region.

in an AlQy tetrahedral configuration (9). The peak width of <40 Hz ¢b-
served for this complex at pH 4.8 suggests that the tetrahedral aluminum
is not in equilibrium with the aqueous environment since no line broad-
ening was observed. Consequently, the tetrahedral AlQ, group is thought
to be bonded to other aluminum atoms. The broad resonances, i.e., 150
and 400 Hz at —0.4 and 1.7 ppm, respectively, suggest the presence of
aluminum atoms in octahedral environments, which are in rapid equi-
librium with the aqueous solution.

The evidence is strong that aluminum chlorohydrate has a structure
consisting of a central aluminum atom in a tetrahedral environment
surrounded by 12 aluminum atoms in octahedral environments. Usually,
tetrahedral aluminum is found only at high pH (pH >10), but the pH of
aluminum chlorohydrate solutions is ~4.5. The question arises as to how
this symmetrical complex forms with a tetrahedral aluminum in the
center. The major synthetic procedure for preparing aluminum chlor-
ohydrate involves the reaction of 5 moles of metallic aluminum with 1
mole of aluminum chloride (37). The pH of the reaction begins near 3 and
ends near 4.5. Since the pH never rises above 4.5, it would be difficult for

635
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Figure 5—2"Al-NMR spectrum of aluminum chlorohydrate (ACH) and
sodium aluminate (AlO7).



a tetrahedral aluminum to form in solution. However, regions of high pH
may occur during the reaction even though the bulk solution is at a much
lower pH.

The main reactions that occur are the oxidation of metallic aluminum
to aluminum ion (Al3*) and the reduction of protons to produce hydrogen
gas. These reactions occur only at the surface of metallic aluminum. The
protons arise from water dissociation. Since the protons are quickly
converted to hydrogen gas, a high hydroxyl concentration may be present
at the aluminum surface, resulting in a pH gradient between the surface
and the bulk. Therefore, aluminum can exist in a tetrahedral state in the
system even though the apparent pH is 3-4.5.

As a cluster of tetrahedral aluminum diffuse away from the metallic
aluminum surface, the pH gradient causes the tetrahedral configuration
to convert to the octahedral configuration. However, the tetrahedral
aluminum in the middie of the cluster is protected from the aqueous pH,
and the Al;304(0H)24(H50)7§ complex forms with a tetrahedral alumi-
num in the center and surrounded by 12 aluminum atoms in octahedral
configuration. Seven chloride anions are associated with the complex as
counterions to produce a neutral complex.

The structure of Alj304(OH)24(H20)15Cl; is consistent with the current
understanding of antiperspirant activity. Antiperspirant activity has been
elicited primarily by the topical application of multivalent metals in ionic
form (38). The exact mechanism of antiperspirant activity is controver-
sial; several theories exist. However, most studies indicate that optimum
activity is achieved when the metal is presented to the skin in ionic form.

Regardless of whether the metal is acting directly as an antiperspirant

and/or indirectly as a deodorant, a charged species is necessary. The
Alj304(0H)24(H20)13 complex is small and compact with the charge well
distributed. Therefore, its effective charge to radius ratio is high, and it
will act as a highly charged form of aluminum. In addition, the pH of
aluminum chlorohydrate solutions is ~4.5, which corresponds to the acid
mantle of the skin. The hydroxyl groups present in the complex are re-
sponsible for the higher pH in comparison to aluminum chloride solu-
tions. Therefore, little skin irritation is observed, and minimal clothing
damage due to acid hydrolysis occurs.
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