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ABSTRACT: The use of the glancing incidence X-ray diffraction configuration to depth profile
surface phase transformations is of interest to pharmaceutical scientists. The Parratt equation
has been used to depth profile phase changes in pharmaceutical compacts. However, it was
derived to calculate 1/e penetration at glancing incident angles slightly below the critical angle of
condensed matter and is, therefore, applicable to surface studies of materials such as single
crystalline nanorods and metal thin films. When the depth of interest is 50–200mm into the
surface, which is typical for pharmaceutical solids, the 1/e penetration depth, or skin depth, can
be directly calculated from an exponential absorption law without utilizing the Parratt equation.
In this work, we developed a more relevant method to define X-ray penetration depth based on
the signal detection limits of the X-ray diffractometer. Our definition of effective penetration
depth was empirically verified using bilayer compacts of varying known thicknesses of mannitol
and lactose. � 2010 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 99:3807–3814,

2010
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INTRODUCTION

The study of surface phase transformations is of
increasing interest to pharmaceutical scientists
because phase transformations induced by interactions
with the environment usually occur on the surface.1,2 A
few surface technologies have been applied to study
pharmaceutical solids.1–15 Among them is glancing, or
grazing, incidence X-ray diffraction (GIXD). Having
been widely used to study the long range order of
surfaces and thin films for more than 20 years, GIXD is
considered a powerful, noninvasive technique to study
surface structure as well as to determine the phase
depth profile. Recently, GIXD has been applied to
pharmaceutical solids by two research groups for depth
profiling phase transformations during dissolution and
compression-induced disorders and polymorphic tran-
sitions.1,2

In the GIXD configuration, X-ray penetration depth
is controlled by fixing the incident angle. The specific
penetration depth can be calculated based on the
incident angle and material parameters. Since X-rays
are electromagnetic radiation that are absorbed by
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matter following identical laws as in optical absorp-
tion for partial transmission, the transmitted X-ray
intensity decays exponentially with respect to the
path length in the matter it travels, but never reduces
to zero. Conventionally, penetration depth is either
defined as the skin depth, which is the depth where
the intensity is reduced to 1/e (about 37%) of the
original intensity at the surface,1,2 or a depth where
the intensity is reduced by an arbitrary amount of
absorption, for example, 99% of the original intensity
when the X-ray beam exits the specimen.16

In previously published works involving depth
profiling of pharmaceutical solids, two groups sepa-
rately calculated penetration depth using an equation
postulated by Parratt, which was derived for mirrors
based on the skin depth with consideration of total
reflection near the critical angle.17 This equation is
applicable to smooth surfaces such as single crystals,
metal thin films, molecular monolayers at water–air
interface, etc. At the critical angle, penetration
depths are typically on the order of nanometers;
however, in the case of pharmaceutical compacts that
are compressed from powders, micron depths are of
interest and angles tend to be far from the critical
angle. Thus, for compressed powders, the Parratt
equation is not required and the penetration depth
can be calculated from an exponential absorption law.
In addition, a penetration depth calculation method
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based on the detection limit, to determine the
maximum penetration rather than 1/e penetration,
may provide more relevant depth information to
accompany the phase information for depth profiling.
In this work, we propose an equation to calculate
penetration depth that is based on the diffracted
signal and noise levels of X-ray intensity. The validity
of this method was experimentally confirmed using
bilayer compacts.
EXPERIMENTAL

Materials

Lactose monohydrate was purchased from Mallinck-
rodt (Hazelwood, MO), lactose anhydrate was pur-
chased from Kerry Bio-Science (Norwich, NY), and D-
mannitol (ACS reagent grade) was purchased from
MP Biomedicals, LLC (Solon, OH). All materials were
used as received.

Helium Pycnometry

A Micrometrics AccuPyc helium pycnometer was
used to determine the true density of mannitol and
lactose anhydrate. A cell volume of 11.9 cm3 was used.
The cell was pressurized to 29 psi and was purged 10
times per sample.

Compact Preparation

An instrumented Carver hydraulic press and a flat-
faced die set of 10 mm diameter were used to prepare
the compacts with a compaction pressure of 113 MPa
and a dwell time of 1 min. For signal measurements,
monolayer compacts of lactose monohydrate and
mannitol were prepared. For thickness measure-
ments, monolayer compacts of mannitol and lactose
anhydrate were prepared with 15–100 mg of material
and the thickness was measured by microscopy. A
Nikon SMZ1500 stereoscope equipped with a Nikon
DXM1200 digital camera was calibrated to a Nikon
0.01 mm stage micrometer. Linear calibration curves
of thickness versus weight were generated for
mannitol and lactose anhydrate.

For the bilayer compacts, the top layer was made of
a specific thickness of either mannitol or lactose
anhydrate. Two sets of bilayer compacts were made:
the first with a lactose monohydrate bottom layer and
a mannitol top layer, and the second set with a
mannitol bottom layer and a lactose anhydrate top
layer. For each specific thickness of the top layer, the
material was weighed out based on a calibration
curve. For the bottom layer, 200–300 mg of material
was used. The bottom layer material was added to
the die first and compacted at 113 MPa for 1 min.
The upper punch was then carefully removed and the
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upper layer material added to the top of the
compacted bottom layer. After another compaction
with the Carver press at 113 MPa with a dwell time of
1 min, the bilayer compact was ejected from the die
using the upper punch.

X-Ray Diffraction

Powder patterns were collected with a PANalytical
X’Pert PRO X-ray powder diffractometer equipped
with a sealed proportional detector with Cu Ka

radiation at 45 kV, 40 mA. The incident beam optics
include a graded multilayer parabolic mirror, diver-
gence slit of 1/88, and equatorial mask of 10 mm. The
detector is preceded by a parallel plate collimator of
0.098 and a soller slit of 0.04 rad. Specimens were
placed on a multi-purpose sample stage that is
adjustable along the vertical axis.

For each sample, a compact was placed on a small
amount of clay in an aluminum X-ray sample holder.
A glass slide was used to gently push the compact and
clay until the compact was flush with the surface of
the holder. For sample alignment with the direct
beam intensity, a 0.2 Cu/Ni beam attenuator was
used on the incident side and a parallel plate
collimator receiving slit was used on the diffracted
side. The sample holder was placed in the center of
the multi-purpose sample stage, and the stage was
adjusted vertically until the holder bisected the X-ray
beam. Sample tilting was adjusted by correcting offset
numbers for the diffracted (2u) and incident (V) axes
following the instructions given in the operation
manual.

Specimens were analyzed with incident angles (V)
of 38, 48, and 58, a step size of 0.0258, and a sampling
time of 7–20 s per step. The sampling time was
adjusted for the intensity of the X-ray tube as
determined by direct beam measurement. Diffracted
signals were collected from a-lactose monohydrate
and mannitol b form monolayers. Noise levels were
determined for mannitol b form and b-lactose
anhydrate monolayers. The diffracted signal and
noise levels were averaged across at least three scans
with V of 38, 48, and 58. The bilayer compacts with a
mannitol b form top layer and an a-lactose mono-
hydrate bottom layer were scanned from 128 to 138 2u.
The bilayer compacts with a b-lactose anhydrate top
layer and a mannitol b form were scanned from 148 to
158 2u.

Theory

The X-ray intensity diffracted by a small volume of a
flat specimen is given by Eq. (1):18

dID ¼ ablI0 exp �mx
1

sinðVÞ þ
1

sinð2u �VÞ

� �� �
dx

(1)
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Figure 1. Schematics of GIXD specimens with (a) a
monolayer compact and (b) a monolayer compact with an
additional layer of the same material added, denoted by the
dashed lines.
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where ID is the diffracted intensity, a is the volume
fraction of the specimen containing particles having
the correct orientation for diffraction, b is the fraction
of the incident energy diffracted by one unit volume, l
is the illuminated area, I0 is the incident intensity, m
is the linear absorption coefficient of the material,V is
the incident angle, and 2u�V is the diffracted angle.
When V is fixed, such as in the GIXD configuration, a,
b, and l can be regarded as constants. Integration of
Eq. (1) from the surface of the specimen to a certain
depth gives an expression for the diffracted intensity
as a function of depth x:

R x
0 dID¼ablI0

R x
0 exp �mx 1

sinðVÞþ 1
sinð2u�VÞ

� �� �
dx

IDðxÞ¼� ablI0
m½1=sinðVÞþ1=sinð2u�VÞ�exp �mx 1

sinðVÞþ 1
sinð2u�VÞ

� �� ����x
0

(2)

When X-rays penetrate solid material, the beam
intensity is absorbed by the solid and reduced
following the equation for exponential absorption

I ¼ I0 expð�mLÞ (3)

where m is the linear absorption coefficient and L is
the distance that the X-ray beam travels. Since an X-
ray beam is absorbed and reduced exponentially with
distance, theoretically, it penetrates an infinite depth
(x¼1) and the information obtained from the
diffracted beam applies to the entire thickness of
the specimen. However, the intensity of the X-ray
beam will be reduced to almost zero after traveling
through the specimen for a certain distance. There-
fore, the diffracted beam intensity from below such a
certain depth will be negligible and the information
contained in the diffracted beam will only be due to
the material above this depth. This depth is referred
to as the effective penetration depth, z. In Eq. (3), the
X-ray intensity decreases exponentially and never
reaches zero; therefore, in order to determine the
penetration depth, it is essential to set a threshold of
intensity, below which the diffracted intensity is
regarded as negligible. Since the diffracted beam
intensity is measured with a detector, the level at
which the diffracted signal is undetectable is applic-
able to define such a threshold. In this work, we use
the noise level, N, as the threshold below which the
intensity is considered undetectable. Therefore, when
the X-ray beam travels from the surface of the
specimen to the effective penetration depth z, the
diffracted intensity generated from the specimen
below z is the noise level N, and the detected signal,
S0, is only from the surface to the depth z. In other
words, IDðxÞj10 � IDðxÞjz0¼ N and IDðxÞjz0¼ S0. Thus,
IDðxÞj10 ¼ S0 þ N and the fraction of the diffracted
intensity from the surface to the depth z,
IDðxÞjz0=IDðxÞj10 ¼ S0=S0 þ N. This fraction can also
DOI 10.1002/jps JO
be calculated with Eq. (2):

IDðxÞjz0
IDðxÞj10

¼ 1 � exp �mz
1

sinðVÞ þ
1

sinð2u �VÞ

� �� �

¼ S0

S0 þ N

(4)

Rearranging Eq. (4) for z gives

z ¼ lnðN=ðS0 þ NÞÞ
�mð1= sinðVÞ þ 1= sinð2u �VÞÞ (5)

For powder specimens, depending on the packing
density, there is void space in the solid that has a
negligible absorption coefficient compared to the
solid; therefore, the solid fraction, a, should be
included with the absorption coefficient. Thus, the
equation for calculating the effective penetration
depth is

z ¼ lnðN=ðS0 þ NÞÞ
�ma 1= sinðVÞ þ 1= sinð2u �VÞð Þ (6)

A second way to derive Eq. (6) is to consider the
portion of the specimen that the incident X-ray beam
penetrates as a beam attenuator that reduces X-ray
intensity by absorption. Derivation of Eq. (6) using
this approach is explained in the following para-
graphs.

In Figure 1a, the incident beam X-ray of intensity I0

gives a diffracted intensity of I0d. In
Figure 1b, consider a layer with thickness x of the
same material added on top of the original specimen.
The incident beam X-ray intensity after traveling
through this added layer (Ix) will be reduced following
Ix ¼ I0 expð�mL1Þ, where L1 is the path length (L1¼ x/
sin(V)). The diffracted X-ray intensity from this
reduced incident intensity, Ix, before starting to
URNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 9, SEPTEMBER 2010
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travel through the added layer on the diffracted side,
is therefore I0d expð�mL1Þ. However, the diffracted
X-ray beam also travels through the added layer
of thickness x. This will further reduce the
diffracted beam intensity from I0d expð�mL1Þ to
I0d expð�mL1Þ expð�mL2Þ, where L2 is the path length
at the diffracted side (L2¼ x/sin(2u�V)). Therefore,
the final diffracted intensity, Ixd, in Figure 1b, is

Ixd ¼ I0d expð�mðL1 þ L2ÞÞ

¼ I0d exp �mx
1

sinðVÞ þ
1

sinð2u �VÞ

� �� �
(7)

We have defined the effective penetration depth z
as the depth at which the signal of the diffracted X-
ray intensity from below the depth will be equal to the
noise level N. Thus, when the thickness x in
Figure 1b is equal to z, Ixd¼ Izd¼N. The original
diffracted intensity I0d can be described as the sum of
the signal measured by the detector, S0, and the
remaining intensity that is negligible, which is
defined as the noise level N (I0d¼S0þN). The solid
fraction a is again included with m to account for void
space in the compact. Thus

N ¼ ðS0 þ NÞ exp �maz
1

sinðVÞ þ
1

sinð2u �VÞ

� �� �

(8)

Solving for z in Eq. (8) yields Eq. (6).
Figure 2. Schematics of GIXD specimens with (a) a top
layer thickness that reduces the diffracted intensity of the
bottom layer to N and (b) a top layer thickness that reduces
the diffracted intensity of the bottom layer to 3N.
RESULTS AND DISCUSSION

Eq. (6) was derived from two approaches to calculate
the effective penetration depth. However, experimen-
tally verifying the effective penetration depth
obtained using Eq. (6) is challenging. With a
homogenous specimen one cannot measure the X-
ray intensity diffracted by a portion of the specimen
that is below a certain depth because the diffracted X-
ray intensity is the accumulation of diffraction from
the surface and below. It is therefore impossible to
determine whether the portion from the surface to the
effective penetration depth calculated using Eq. (6)
will indeed reduce the diffracted X-ray intensity
below that depth to the noise level. In order to verify
Eq. (6), one can use a bilayer specimen, in which the
top layer does not diffract X-rays in the same region as
the bottom layer. If the layer added on top of the
specimen is a different phase that does not diffract X-
rays at a specific 2u, the attenuation of the diffracted
X-ray intensity at that 2u can be observed, as shown in
Figure 1b.

If Eq. (6) correctly calculates the penetration depth,
a top layer with a thickness that equals z should
reduce the X-ray intensity diffracted from the bottom
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 9, SEPTEMBER 2010
layer to the noise level, which is undetectable.
However, simply demonstrating that a bilayer speci-
men with a top layer thickness z yields no detectable
signal is not sufficient to verify Eq. (6). In order to do
so, one needs to bracket the calculated effective
penetration depth using two bilayer specimens, one
with a top layer of thickness z and the other slightly
less than z. The one with the top layer thickness
slightly less than z should yield a minimally
detectable diffracted X-ray intensity. Because a
signal-to-noise ratio of 3:1 to 2:1 is generally
considered acceptable as the detection limit, in this
work a signal three times greater than the noise level
is defined as minimally detectable.19

The thickness of the top layer that will result in a
diffracted X-ray intensity that is three times of the
noise level can be calculated with some modification of
Eq. (6). As mentioned in the Theory Section, Eq. (6)
can be derived from Eq. (7). In Eq. (7), when Ixd¼ 3N,
the calculated depth x will be the top layer thickness
needed for the bilayer specimen to yield a minimally
detectable diffracted X-ray intensity. Thus, the
equation for calculating the thickness to give a
diffracted intensity of 3N is

x3N ¼ lnð3N=ðS0 þ NÞÞ
�ma 1= sinðVÞ þ 1= sinð2u �VÞð Þ (9)

As illustrated in Figure 2, we consider the calculated
effective depth experimentally verified if (a) the
diffracted intensity from the bottom layer is unde-
tectable after the X-rays penetrate a top layer with a
thickness equal to the calculated depth at the noise
level, and (b) the diffracted intensity from the bottom
layer material is detectable after the X-rays penetrate
a top layer with a thickness equal to the calculated
depth that reduced the X-ray intensity to three times
the noise level.
DOI 10.1002/jps



Figure 4. Thickness versus weight calibration curves for
(a) mannitol and (b) lactose anhydrate.
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In order to successfully apply the above-mentioned
bilayer specimen approach to confirm Eq. (6), mate-
rial selection is of essential importance. First of all,
the materials for both layers need to have compatible
tabletability to form an intact bilayer compact and
secondly, the top layer cannot diffract X-rays at the
2u angle at which the bottom layer X-ray diffraction is
monitored. Two sets of bilayer compacts were
prepared based on these criteria. The first one has
a bottom layer of a-lactose monohydrate, of which the
(110) reflection at 12.468 2u was monitored. Since
mannitol b form does not diffract X-rays at 12.468 2u,
it can be used as the top layer to cover a-lactose
monohydrate. The second one has a bottom layer of
the mannitol b form, of which the (120) reflection at
14.578 2u was monitored. a-Lactose monohydrate,
however, has a reflection (021) at 14.438 2u, close to
the (120) reflection of mannitol b form. b-Lactose
anhydrate, on the other hand, does not have any
reflection between 148 and 158 2u. Thus, for the second
set of bilayer compacts, b-lactose anhydrate was
selected as the top layer material to cover the (120)
reflection of mannitol b form. The XRD patterns of the
a-lactose monohydrate, mannitol b form, and b-
lactose anhydrate are shown in Figure 3.

The thickness of the top layer was controlled by
mass. The calibration curves of thickness versus
weight for mannitol and lactose anhydrate are shown
in Figure 4, and have regression coefficients of 0.998
and 0.992, respectively.

Table 1 lists the parameters needed for the
penetration depth calculation and the calculated
and actual thicknesses of the bilayer compact top
layers. Two sets of bilayer compacts are included:
mannitol top layer and lactose monohydrate bottom
layer and lactose anhydrate top layer and mannitol
bottom layer. The linear absorption coefficients were
Figure 3. X-ray powder patterns of (a) a-la
and (c) b-lactose anhydrate. The monitored p

DOI 10.1002/jps JO
calculated using tabulated mass absorption coeffi-
cients of elements, atomic weights of the elemental
components,20,21 and true densities of the materials.
Using helium pycnometry, the true density of
mannitol and lactose anhydrate was determined to
be 1.489 and 1.596 g/cm3, respectively. The solid
fraction was calculated as the apparent density
divided by the true density. The apparent density
was found by the mass and the envelope volume from
the compact dimensions. The solid fractions were 0.87
ctose monohydrate, (b) mannitol b form,
eaks are marked by asterisks.

URNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 9, SEPTEMBER 2010



Table 1. Material Parameters and Bilayer Compact Specifications

Top Layer
Material

Bottom Layer
Material

Top
Layer,
m (m�1)

Top
Layer,

a

Bottom
Layer,
2u (8)

Incident
Angle,
V (8)

Top Layer
Noise,
N (cts)

Bottom
layer signal,

S0 (cts)
Compact

No.

Calculated
Thickness

(mm)

Actual
Thicknessa

(mm)

D-mannitol b form a-lactose monohydrate 1117.5 0.87 12.46 3 202 57,360 M3A 230 239
M3B 186 176

4 189 52,665 M4A 274 282
M4B 220 212

5 208 56,116 M5A 300 309
M5B 241 239

b-lactose anhydrate D-mannitol b form 1190.8 0.83 14.57 3 175 150,638 L3A 286 291
L3B 239 230

4 203 145,833 L4A 338 343
L4B 282 278

5 170 134,304 L5A 388 398
L5B 324 323

aA 10mm margin greater than the target calculated depth (for the N threshold, compact no. A) or a 10mm margin less than the target calculated depth was
considered acceptable (for the 3N threshold, compact no. B).
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and 0.83 for mannitol and b-lactose anhydrate,
respectively, which are typical of direct compression
compacts.22 The V angle was fixed at 38, 48, and 58. At
angles lower than 38, the penetration depth is too
shallow for a uniform top layer to be made in a bilayer
compact. In Eq. (6), the maximum penetration depth
occurs when V¼ u. Thus, the V should not exceed u,
which are 6.328 and 7.288 for the selected materials.
The compacts with a top layer thickness equal to the
effective penetration depth are labeled A. The ones
with a top layer thickness thinner than z, calculated
using Eq. (9), are labeled B.

Compacts M3A-M5B were made of a mannitol top
layer and a lactose monohydrate bottom layer. Using
Eq. (6), the effective penetration depth at V¼ 38 was
calculated as 230mm. In compact M3A, a thickness of
239mm of mannitol, slightly thicker than the
calculated depth of 230mm, rendered the a-lactose
monohydrate signal absent (Fig. 5a). Using Eq. (9),
the thickness of mannitol calculated for compact M3B
was 186mm, which should reduce the (110) reflection
of the a-lactose monohydrate to a minimally detect-
able level. The M3B top layer thickness of 176mm of
mannitol is slightly thinner than the calculated
186mm, and reduced the signal of a-lactose mono-
hydrate to an extent that is still detectable (Fig. 5a).
The calculated effective penetration depth z is
confirmed with this first set of bilayer compacts
because (a) the signal was undetectable with a top
layer thickness equal to the calculated effective
penetration depth z, and (b) the signal was minimally
detectable with a top layer thickness slightly thinner
than z. The X-ray diffraction patterns of the mannitol
top layer and lactose monohydrate bottom layer
compacts at incident angles of 48 and 58 are shown in
Figure 5b and c. As shown in both figures, the top
layer thickness equal to the calculated effective
penetration depth resulted in an undetectable signal
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level. Minimally detectable signals were observed at
incident angles of 48 and 58 when the top layer was
slightly thinner than the calculated effective pene-
tration depth. In Figure 5a and c, the detected signals
are about four times of the noise level (4N), slightly
higher than the target 3N. Possible causes may be
related to the preparation the compacts, for example,
the interface between the layers may not be
completely uniform or the top layer solid packing
may be slightly inhomogeneous, or uncertainty in the
noise level measurements. Nonetheless, at all three
incident angles, the two thicknesses of the bilayer
compacts successfully bracketed the calculated effec-
tive depth penetration.

The second set of bilayer compacts L3A–L5B
consists of lactose anhydrate top layers and mannitol
bottom layers. The X-ray diffraction patterns of these
six compacts with the V at 38, 48, and 58 are shown in
Figure 6a, b, and c, respectively. In compacts L3A,
L4A, and L5A, the top layers of the thickness z
reduced the diffracted intensity to the undetectable
level. The three compacts with the top layer thickness
slightly thinner than z, calculated from Eq. (9),
reduced the signal to the minimally detectable level.
Indeed, the signals detected in compacts L3B, L4B,
and L5B were about three times of noise level as
targeted. Again, the second set of compacts also
successfully bracketed the effective penetration depth
calculated using Eq. (6).
CONCLUSIONS

A method was developed to calculate effective X-ray
penetration depth that is not only a function of the
incident angle, but is also based on the diffracted
signal and noise level. In this method, the effective
penetration depth was defined as the depth at which
DOI 10.1002/jps



Figure 6. X-ray diffraction patterns of b-lactose anhy-
drate top layer and mannitol b form bottom layer compacts
at incident angles (a) 38, (b) 48, and (c) 58.

Figure 5. X-ray diffraction patterns of mannitol b form
top layer and a-lactose monohydrate bottom layer compacts
at incident angles (a) 38, (b) 48, and (c) 58.

CALCULATION OF EFFECTIVE PENETRATION DEPTH IN X-RAY DIFFRACTION 3813
the diffracted intensity from below that depth was
equal to the noise level and therefore undetectable.
The calculation of the effective penetration depth was
empirically verified with bilayer compacts of mannitol
and lactose. The effective penetration depth obtained
using the method developed in this work depends on
the incident and diffracted angles, the direct beam
and diffracted X-ray intensity, as well as the detection
limit of the detector. This method can be applied to
soft materials such as pharmaceutical solids to depth
profile phase transformations, for example, phase
changes during dissolution, or mechanically or
environmentally induced form transitions.
DOI 10.1002/jps JO
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