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Crystal growth processes[1] are ubiquitous in nature and play a
crucial role in many chemical and industrial contexts. In order
to be able to optimize and control crystal growth, it is essential
to establish an understanding of the sequence of events
involved in the growth process, rather than simply studying
the morphological and structural properties of the bulk
crystals collected at the end of the process. Knowledge of how
crystals actually evolve during growth may be established
directly by applying experimental techniques that allow
crystal growth processes to be monitored in situ,[2] but for a
variety of reasons, in situ studies may not be viable in many
cases (e.g. due to limitations arising from the crystallization
apparatus, the specific experimental conditions required, or
the timescales involved). For these reasons, we were moti-
vated to devize a strategy to allow insights to be gained on the
evolution of crystal growth processes, based not on in situ
measurements but based instead on the analysis of crystals
recovered at the end of the process. Here we demonstrate a
strategy that allows the growth history of a crystal to be
established retrospectively, after the crystal has been col-
lected at the end of the crystallization process.

Our strategy is based on a crystallization system for which
the composition (C) of the growing surfaces of the crystal
varies as a function of time C(t) during the growth process,
while the crystal structure remains constant with time. After
collecting a crystal at the end of the growth process, the
distribution of composition C(X,Y,Z) within the crystal is
measured and is interpreted to reveal details of the evolution
of crystal growth. Thus, a three-dimensional contour at a
specific value of composition C(X,Y,Z) = Ci within the

crystal defines the three-dimensional shape of the crystal at
the specific time during the growth process at which the
composition of the growing surfaces of the crystal was C(t) =

Ci. Contours corresponding to different values of Ci thus
provide a representation of the changes that occurred in the
shape of the crystal as a function of time during growth. In
some respects, the approach is analogous to establishing the
growth characteristics of a tree retrospectively by observing
the spatial variation of the rings of the tree (i.e. dendrochro-
nology).

To demonstrate our strategy for retrospective mapping of
crystal growth history, we consider solid inclusion compounds
containing binary mixtures of guest molecules. Variation of
composition in this case arises because the two types of guest
compete for inclusion within the host structure during crystal
growth, such that the relative proportions of the two types of
guest incorporated into the crystal vary in a well-defined
manner as a function of time. The host tunnel structure is
independent of the relative proportions of the two types of
guest, and the material grows as a single crystal even though
the guest composition changes with time. We focus on urea
inclusion compounds,[2d,3] in which guest molecules (typically
based on n-alkane chains) are located within one-dimensional
tunnels (Figure 1a) in a urea host structure.[4] The guest
molecules are densely packed along the host tunnels (diam-
eter[4c] ca. 5.5 �), with a periodic repeat that is usually
incommensurate[4b, 5] with the repeat of the host structure
(although some types of guest molecule[6] are found to form
commensurate structures).

Figure 1. a) A single tunnel in a urea inclusion compound showing van
der Waals radii and a 1,8-dibromooctane guest molecule. b) Schematic
of a single crystal of a urea inclusion compound (needle morphology
with hexagonal cross-section). The axis system is defined. The Z-axis is
parallel to the tunnel direction of the urea host structure and the {100}
faces are parallel to this axis. The incident laser in the confocal Raman
microspectrometry experiments was parallel to the Y-axis. The different
types of mapping carried out are indicated (red line, Figure 2; blue
plane, Figure 3a; green plane, Figure 3b).
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First we consider, in general terms, crystallization of a
urea inclusion compound from a solution state containing two
competing types of guest denoted A and B. The molar ratio
of the two types of guest in solution at time t is gA(t) =

nA(t)/nB(t), where ni(t) is the number of moles of species i at
time t. As discussed previously,[7] the molar ratio of guest
molecules incorporated at the growing surfaces of the crystal
at time t is

mAðtÞ ¼ c gAðtÞ ð1Þ

where c depends on the relative affinity[8] of the host tunnel
for inclusion of guests of types A and B. If inclusion of guests
of type A is energetically favored over inclusion of guests of
type B, then c> 1 and hence mA(t)>gA(t). Thus, the
composition of the guest mixture incorporated within the
growing surfaces of the crystal at time t [i.e. mA(t)] has a
higher proportion of guests of type A than the guest
composition in the solution state at time t [i.e. gA(t)]. As a
consequence, depletion of molecules of type A from the
solution state occurs more rapidly than depletion of mole-
cules of type B, and thus gA(t) must decrease monotonically
with time during crystal growth.[9] From Equation (1), mA(t)
must also decrease monotonically with time, and thus the
guest composition included at the growing crystal surfaces
changes monotonically as a function of time.

After collecting a crystal at the end of the crystallization
experiment, the spatial distribution mA(X,Y,Z) of the two
types of guest in the crystal is measured. Contours at a specific
value of mA within the crystal can be related to a specific value
of time during the crystal growth process (i.e. the time at
which the composition of the growing crystal surfaces had the
same specific value of mA). As discussed above, mA(t)
decreases monotonically with time, and thus lower values of
mA(X,Y,Z) correspond to later stages of the crystal growth
process, thus providing a basis for mapping the evolution of
the growth of the crystal.

In the experiments discussed below, we focus on crystals
of urea inclusion compounds containing mixtures of 1,8-
dibromooctane (1,8-DBrO) and pentadecane (PD) guest
molecules, with crystallization carried out using standard
procedures (see Experimental Section). Confocal Raman
microspectrometry was employed to measure the guest
composition as a function of position within the crystal[10]

[that is, mA(X,Y,Z)]. All results shown here were obtained
from analysis of the same crystal (experiments on other
crystals prepared under the same conditions confirm that the
results are representative). PD and 1,8-DBrO were chosen as
the guest mixture because they have different Raman
signatures (see below) and because inclusion of PD within
the urea tunnel structure is known to be energetically more
favorable than inclusion of 1,8-DBrO. Previous studies of
urea inclusion compounds by confocal Raman microspectr-
ometry[12] (carried out in a different context[13] from the
present work) have shown that spatial distributions of alkane
and a,w-dibromoalkane guests can be quantified by this
technique. For quantitative analysis, we focus on the C�Br
stretching n(CBr) band for 1,8-DBrO (650 cm�1; for the trans
end-group conformation), the methyl rocking r(CH3) band

for PD (890 cm�1) and the symmetric C�N stretching ns(CN)
band for urea (1024 cm�1). Guest composition is assessed
from the ratio R = I(CBr)/I(CN) of the integrated intensities
of the n(CBr) and ns(CN) bands, which is then normalized as
RN = R/Ro, where Ro is the value of R for the urea inclusion
compound containing only 1,8-DBrO guests. The value of RN

establishes the relative amounts of 1,8-DBrO and PD guests
in the probed region of the crystal, with higher RN indicating a
higher proportion of 1,8-DBrO. By definition, 0�RN� 1,
with the limiting values attained if only 1,8-DBrO (RN = 1) or
if only PD (RN = 0) is present. The ratio RM = I(CH3)/I(CN) of
integrated intensities of the r(CH3) and ns(CN) bands is also
considered. Clearly, higher RM corresponds to a higher
proportion of PD guests in the probed region of the crystal.

The characteristic crystal morphology of conventional
urea inclusion compounds is long needles with hexagonal
cross-section (Figure 1b). The host tunnels are parallel to the
needle axis (Z-axis). Confocal Raman microspectrometry
involved one-dimensional or two-dimensional scans within
the crystal as depicted (together with definition of the axis
system) in Figure 1b. The incident laser was parallel to the Y-
axis, and Y= 0 represents the upper surface of the crystal. Test
experiments indicated that, for scans as a function of depth
below the upper surface of the crystal (i.e. parallel to Y),
reliable quantitative information is obtained only to a
maximum depth of ca. 200 mm. For the crystal used to
record the data shown here, the thickness of the crystal along
the Y-axis was 250 mm. Thus, scans to a depth of 200 mm do not
cover the full depth of the crystal, but do extend significantly
below the center of the crystal. The length of the crystal along
the Z-axis was 2170 mm.

Figure 2 shows results from a one-dimensional scan along
the Y-axis (for fixed X and Z). The intensities of the n(CBr)
and r(CH3) Raman bands (Figure 2 a) change systematically
as a function of depth (Y). Thus, n(CBr) becomes stronger
and r(CH3) becomes weaker on moving from the interior of
the crystal to the surface, while the intensities of the bands
due to urea are essentially constant. Changes in the intensities
of the n(CBr) and r(CH3) bands as a function of depth are
quantified by RN and RM, respectively (Figure 2b). Because
inclusion of PD is favored energetically over inclusion of 1,8-
DBrO, the regions of the crystal formed at the earliest stages
of growth have the highest proportion of PD (i.e. lowest RN

and highest RM). Thus, the observed variations of RN and RM

as a function of depth in the one-dimensional scan along the
Y-axis (Figure 2b) are entirely consistent with the expectation
that the region around the center of the crystal was formed at
the earliest stage (i.e. lowest RN) and the regions near the
surface (Y= 0) were formed at the latest stage (i.e. highest
RN) of the crystal growth process.

More detailed insights on the evolution of the crystal
growth process are obtained from two-dimensional scans
(Figure 3). The XY-scan (in a plane perpendicular to the
tunnel direction) in Figure 3a suggests that, at the specific
value of Z probed in this scan, the earliest stage of the growth
process (i.e. the region of lowest RN) occurred close to the
center of the final crystal (X� 0 mm, Y� 150 mm). The outer
regions of the crystal (with RN> 0.5 in Figure 3a) show clear
evidence for the development of the hexagonal cross-section
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of the crystal shape (the characteristic growth morphology of
urea inclusion compounds), with essentially equal rates of
growth of the symmetry-related {100} faces. Clearly, the
spacing between contours in maps of this type may be
interpreted (at least qualitatively) in terms of the relative
rates of growth of the crystal in different directions.

In the ZY-scan (Figure 3b), the region corresponding to
the earliest stages of crystal growth (with RN� 0.2) is
identified as the bottom left part of the map. Significantly,
this region is close to one end of the crystal along the Z-axis
(horizontal), suggesting that the embryonic stages of growth
were initiated close to one end of the final crystal and that
subsequent growth along the tunnel occurred predominantly
in one direction (from left to right in Figure 3b). In principle,
the relative rates of crystal growth perpendicular (Y-axis) and
parallel (Z-axis) to the tunnel may vary as the composition of
the crystal changes. Thus, during the early stages of crystal
growth corresponding to RN� 0.6, the spacing between RN

contours is substantially greater along the Z-axis (to the right
hand side of the region with RN� 0.2 in Figure 3b) than along
the Y-axis, indicating faster crystal growth along the tunnel
direction (Z). In fact, at the stage of the growth process
corresponding to RN� 0.6, the crystal had already reached
close to its final length along the tunnel direction but was still
comparatively thin along Y. In the later stages of growth

corresponding to RN> 0.6, the contours are nearly parallel to
the Z-axis, suggesting that, in this stage of the process, the
growth of the crystal occurred predominantly perpendicular
to the tunnel direction, leading to an increase in the width of
the crystal (along Y) with no significant change in the length
of the crystal along the tunnel direction.

The results reported here demonstrate the feasibility of
the proposed strategy for retrospective mapping of the
evolution of crystal growth processes. Although the interpre-
tations are restricted to a qualitative level in the present case,
our results have nevertheless revealed new insights regarding
the crystal growth of urea inclusion compounds, particularly
from the analysis of the ZY-scan discussed above. Our on-
going research to further advance this strategy, including the
development of models to correlate the time-dependences of
mA(t) and gA(t), will allow substantially greater quantitative
insights to be established. Although the strategy has been
demonstrated for crystal growth of urea inclusion compounds,
it may also be applied to a much wider range of materials,
including solid solutions that are isostructural across the
complete range of composition and a wide variety of different
types of solid inclusion compound (such as gas hydrates,
zeolites and other microporous inorganic solids, and metal–
organic framework materials). In all of these cases, the
strategy reported here for retrospective mapping of crystal
growth has the potential to yield valuable insights on
mechanistic aspects of the crystal growth process, and for

Figure 2. a) Raman spectra recorded at different depths (black,
Y =47 mm; red, Y = 87 mm; blue, Y =129 mm; green, Y = 170 mm)
below the upper surface of the crystal, showing systematic changes in
the intensities of the n(CBr) and r(CH3) bands. b) Values of RN and RM

determined as a function of depth (Y).

Figure 3. Results from a) an XY-scan (with Z fixed at Z= 0 mm), and
b) a ZY-scan (with X fixed at X = 0 mm), showing the value of RN

determined from the Raman spectra recorded as a function of position
within the crystal. In (b), the tunnel direction is horizontal (Z-axis).
The color scheme for values of RN is defined in the inset.
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allowing different growth mechanisms to be distinguished,
particularly when the results are considered in conjunction
with those from in situ, time-resolved studies of the same
crystal growth process.

Experimental Section
Crystallization of urea inclusion compounds containing PD and 1,8-
DBrO guests was carried out by dissolving urea, PD, and 1,8-DBrO in
methanol at 55 8C and cooling the solution to 20 8C over ca. 29 h. We
focus on the specific case[14] with an initial 1,8-DBrO:PD molar ratio
in the solution state of 95:5. Confocal Raman microspectrometry was
carried out on a single crystal using a Labram II spectrometer (Jobin–
Yvon) with an Ar/Kr 2018 Spectra–Physics laser (514.5 nm) and a
grating of 1800 linesmm�1 (spectral resolution ca. 6 cm�1). The laser
was focused on the crystal through a microscope (50 � Olympus
objective; 0.55 numerical aperture; confocal pinhole diameter,
500 mm). Radial and axial resolutions (at a depth of ca. 100 mm)
were both 10 mm. The XY-scan (Figure 3a) was measured in steps of
24.5 mm along X and 13.8 mm along Y. The ZY-scan (Figure 3b) was
measured in steps of 44.3 mm along Z and 13.8 mm along Y. Values of
Y (i.e. the depth of the focusing point below the upper surface of the
crystal) were corrected to take account of the refractive index
(n�1.5)[15] of the material.
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