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How Solvents Affect Acetaminophen Etching Pattern Formation: Interaction between
Solvent and Acetaminophen at the Solid/Liquid Interface
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The objective of this work was to further elucidate the dissolution process of acetaminophen crystals at the
molecular level. The differences in the etching patterns from different solvents were used to study the
interactions between solvent and acetaminophen molecules at thelgplid interface, such as solubilizing

ability and potential solvent adsorption. The predicted etching patterns, based on the projections of attachment
energies on the corresponding faces together with the solubilizing ability of the solvents, fit the observed
etching patterns well. On the (001) face, the etching patterns were predominantly in the direction of the
a-axis, which was also the direction of the dominant attachment energy. On the (110) face, the etching patterns

were consistently in the direction of tleeaxis irrespective of solvent used, and they were variable in other
directions. These were well fit by the predicted etching patterns accounting for the different solubilizing
ability of solvents. Both the most significant etching pattern deviations (on the (010) face) and the most
significant morphology changes were observed with dichloroethane for acetaminophen. The morphology of
acetaminophen crystals from different solvents showed that only the crystals from dichloroethane had significant
elongation along the-axis, which suggests the existence of stronger adsorption im-theés andb-axis
directions than along theaxis for dichloroethane. Overall, the current work suggests that the crystal interaction
network, together with the interactions between solvent and acetaminophen, affects surface diffusion and
plays an important role in the dissolution process.

Introduction plays a very important role in the generation of etching pattein
shape. By affecting surface diffusion, the crystal structure can
influence the shape of etching pits based on the directionatity
of the attachment energies. The etching patterns formedsby
different solvents are often dissimilar, and therefore, the effeet
of solvents cannot be ignored. It is assumed that solveat
molecules can adsorb onto a crystal surface, interrupt the origsaal
interaction network within the crystal structure, and cause nesv

;ﬁins]gtrr((a)si;blgg)r/,algr)i/r:?:]acl;rfas(;;swﬁ;[teag;!?&ua'tir:)i ?;:%lfu ttrl]oen(lrgg; etching patterns depending upon the structure of the solVerds.
by P 4 ! Therefore, the etching pattern can be influenced not only dyy

face was observed to be approximately 6 times faster than that

of the (001) facé. Generally, the different dissolution rates of the crystall structure. but also by the interactions b?“@”
different faces are attributed to the anisotropy of the crystal molecules in the Iattlce_ and solvent molecules. Only limited
structure® However, anisotropy alone cannot explain why the “?po”s have been published on the effect of solver_1ts on crystal
dissolution rate is higher on a certain face. The attachment dissolution at the mole'cular Ieyel, and more study is neededto
energies on different faces are often significantly different and better understand the interactions between solvent and crystal.
therefore may contribute to the dissolution rate differences The dissolution process may not only be beneficial &
between faces. The reciprocal nature of the forces at work in improving understanding of the interactions between molecuées
dissolution and crystallization also make this topic important at crystal surfaces and solvents during the dissolution process
in the molecular level elucidation of crystal growth. but may also lend understanding to solvent-induced polymorpédc
Etching patterns have been quite widely studied to help transformatiort! Because of the weak and dynamic interactions
understand crystal structures, as well as the effects of crystalbetween solvent and molecules at crystal surfaces, traditicssal
structures and solvents on dissolutfoR? The positions of the ~ approaches (e.g., osmotic pressure, UV) may not be sensiéive
etching patterns are generally agreed to be related to the sitenough to detect interactions at the seliidjuid interface. On 70
of defects on the crystal surface, and the observation of thethe basis of the difference in etching patterns in different
etching pits can be used as a tool for studying crystal dislocationssolvents, these interactions may be deduced. 72
in the dissolution. Li et al.also reported that surface diffusion In periodic bond chain (PBC) theoryHartman & Perdok 73
proposed the concept of “attachment energy”, that is, the baad

It is well-known that the dissolution processes of drug crystals
may affect bioavailability, and developing a better understanding
of the dissolution processes may help to optimize the desired
therapeutic effects. Crystal habit is often an important factor in
influencing intrinsic dissolution rate:® Crystal habits can also
affect many physical properties, such as ability to flow,
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as an “additive™’ The crystal face that has stronger interactions TABLE 1: Etching Agents and Etching Duration for (001),
with the solvent will grow more slowly than the face that has (110), and (010) Faces

weaker interactions. The crystal morphology change in different etching duration (sec)
solvents is an indication of the interactions between solvent and

a etching agent (00%) (110) (010)
crystal. The deviation of the crystal morphology from the
- - o . HO 120 120 60
predicted morphology can provide specific information about  ch.cochyccl, (1:1 viv) 20 10 15
the interactions between the crystal molecules and the solvent (CH,CO)O/CCL (1:1 viv) 30 15 15
molecules and, hence, the dissolution process. CFaSOaCzI-Iis/CCh (L:1viv) 30 15, 30 15
In the current research, attachment energies were calculated CICHCH,CI 60 30,60 60
. : . CsNHs/CCly (1:5 viv) 10 10 15
using Ceriu3 software on the basis of the crystal structures
acquired from the Cambridge structural datab&#sand ap- aFor (001) face, acetone, acetic anhydride, and ethyl acetate were

propriately selected force fields. A key extension of the earlier PUre Solvents.

hypothesis is the assumption that even if two molecules are notTABLE 2: Acetaminophen Crystallization in Different
on the same face, the contribution of the attachment energy Solvents

between a subsurface molecule and a surface molecule may play

le. By li i f i (projection) of th PBC solvent condition s

a role. By linear transformation (projection) of those

vectors of the attachmept energies on the faces.of interest, all ‘Q’i"g‘ﬁﬁ{,roethane g.'ffsggfgomrrlll 06?24

of the attachment energies related to the face of interest can be  acetic anhydride 2.25 /200 mL 0.25

incorporated. It is assumed that there may be elongation in the afhetlone at g%% g/g%(;nLL %25
i i i i ethyl acetate .00g m .

etching patterns in the direction of stronger attachment energy pyridine 470 gomL 0

relative to the direction(s) with weaker attachment energy.
Solvents may also affect etching pattern formation through their ~ #S= concentration/solubility- 1.
surface diffusion time. A model has been proposed to combine
the contributions of attachment energy and solvent on predicting (Aldrich Chemical, Milwaukee, WI), and carbon tetrachloride:2
etching pattern formation and to help better understand the (Aldrich Chemical, Milwaukee, WI). The dissolution tests werei3
dissolution process. performed at room temperature, and the time varied from 1Q.te
While historically optical microscopy was the primary tool 120 s. After a predetermined time, the disk was taken from thie
for the study of crystal growth, atomic force microscopy (AFM) solution, and the remaining solution on the crystal surface was
represents a new generation of nanoscale surface characterizatioremoved with filter paper. Compressed air was used to further
methods. AFM has been widely used for the observation of remove residual solution from the crystal surface. Finally, thes
protein crystal growth or dissolution at the molecular |e¥et? sample was air-dried at ldag h before AFM observation. 149
The high-resolution three-dimensional surface images scannedexperimental conditions for partial dissolution are listed irso
by the AFM can provide more information about dissolution Table 1. 151

than the two-dimensional images obtained from optical micros- ¢y stallization in Different Solvents. Acetaminophen was 152

copy. crystallized from the six solvents used in partial dissolution testss
All supersaturated solutions were filtered with a @12 filter 154
and left at room temperature to dry slowly. Experimentads

Single-Crystal Preparation. The single crystals of acetami-  conditions for crystallization in different solvents are listed irs6
nophen were prepared from acetaminophen raw materials (USP;Table 2. The supersaturation ratio in water was based on tfe
Amend Drug & Chemical Co., Irvington, NJ) by seeding in measured acetaminophen solubility of 14.5 mg/mL at 28.0 158
supersaturated solution. The average size of the single crystalsThe supersaturation ratioS)(for other solvents were calculatedso
was between 1 and 2 mm. on the basis of the published acetaminophen soluBfility. 160

Face Indexing by X-ray Measurement The indices of AFM Measurement. The surfaces of single acetaminophers1
single crystals were measured by a powder X-ray diffractometer crystals were observed with an AFM (NanoScope Multi-Mode2
(XRD-6000, Shimadzu, Kyoto, Japan). Each measured crystal Ary, Digital Instruments, Inc., Santa Barbara, CA). AFMs3
was mounted onto one AFM sample disk, and the measured,pserations were carried out in contact mode at room tempee-
face was adjusted to be parallel to the disk surface. The AFM 4,0 using a J-type piezo-scanner, and the tips were standerd

disk was placed on the X-ray diffraction sample holder. silicon nitride probes. For each observation, images in both tlhe

Gfeon grz?ll¥,hth;_srgan rarrlgs vV\Y:; (f:r or;’g) dligi V:g't:lr? dsttt? P \?Izne deflection mode and the height mode were saved. The images
orm.he. 1he y sourc u on, € Volage 5 the following sections were in the deflection mode unlesss
and current were set at 40.0 kV and 40.0 mA, respectively. For . o

otherwise specified. 169

those small faces, the crystal was rotated at 60 rpm to acquire ) )
the specific face diffraction information. PBC Calculation. The PBC vectors of an acetaminophetro

Axis Identification . The theoretical two-dimensional crystal ~ Crystal were calculated with Cerf4.2 (Molecular Simulation, 171
morphology on each face, as well as the directions of axes, was/"C-» San Diego, CA) based on the crystal structure of acetame
derived from the simulation of three-dimensional crystal struc- nNophen from the Cambridge Structural Database (HXACANQp
ture. The axis directions of interest on single crystals were * with the following parametersPz,; a = 12.93 A,b = 9.4 174
determined by comparing the observed crystal face with the A; ¢ = 7.10 A; 8 = 115.9. After the current energy for thei7s
theoretical crystal morphology and direction map. acetaminophen crystal was calculated, the PBC vectors weee

Partial Dissolution. The six solvents used for dissolution calculated using the following settings: the force field was?
tests were deionized distilled water, acetone (EM Science, Dreiding 2.21; the partial atomic charges were calculated using
Gibbstown, NJ), ethyl acetate (Mallinckrodt Baker, Paris, KY), the equilibrium method, Gasteiger-Quanta 1.0; the van der Waais
acetic anhydride (Aldrich Chemical, Milwaukee, WI), (1,2)- interaction and Coulomb forces were set with the Ewaileo
dichloroethane (Aldrich Chemical, Milwaukee, WI), pyridine summation. 181

Experimental Section
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Figure 1. X-ray diffraction patterns of the acetaminophen faces: (A) the pattern for the (001) face fvithlies of 14.3149and 28.7030
(28.60886); (B) the pattern for the (110) face witthZralues of 12.1590 24.4048, and 36.9400

Theta-2Theta (deg)

TABLE 3: X-ray Diffraction Information for
Acetaminophen

h k L dspacing 2 | 1%

1 1 7.3110 12.105 127 042 27.14
2 2 0 3.6555 24.349 386 710 82.62
3 3 0 2.4370 36.882 64 110.6 13.70
0 0 1 6.3869 13.865 186 705 39.89
0 0 2 3.1934 27.938 24 691.7 5.28
0 2 0 4.7000 18.881 12 216.7 2.61

a1 is the integrated intensity.|% = the peak intensity/the highest
peak intensity.

Results and Discussion

The basic approach employed was to observe the etching
patterns on the (001) and (110) faces of acetaminophen. A model
in which the PBCs were projected onto the faces of interest
was proposed to study the effects of attachment energies on
etching pattern formation. By comparing the predicted etching
patterns with the observed etching patterns, we explained the
interactions between solvent and drug molecules at the interface.
To study whether solvent adsorption also occurs during the
crystallization process, the morphology of acetaminophen :
crystals from different solvents have been investigated. Figure 2. AFM images of the (001) face of an acetaminophen crystal

Indexing the Faces of Acetaminophen Single Crystals.  dissolved in pyridine/CGI(1:1 v/v) for 30 s. The image sizes are (A)
Single crystals of acetaminophen for the etching experiment 60 x 60, (B) 20x 20, (C) 5x 5, and (D) 1x 1 um? From panels A
were grown in water. The (110) face (largest and 4-fold degen- t©© D: the images were zoomed in gradually. Taeand b-axes are
erate), as well as the (001), (011), and (R@fkre the growth shown in panel A.
faces of the single crystals. The (010) face is internal and may show the etching patterns of the (001) face of acetaminophen
be exposed by cleaving single crystals. Before executing the crystals created by pyridine/C£{1:1 v/v) and by dichloroet- 220
etching experiment, we indexed the tested face by X-ray hane, respectively. The etching patterns created by water, acetic
diffraction, and its axis direction was determined as described. anhydride, ethyl acetate, and pyridine are all narrow slits b

The simulated X-ray powder diffraction patterns for Caa K continuous depth along treeaxis. 223
were calculated using Ceriig.2 (Table 3). Figure 1 shows The etching pattern created by dichloroethane resemblegzan
the X-ray diffraction of (001) and (110) faces for acetaminophen. elongated “bar” along thex-axis, with the end of the bar22s
The area of the (001) faces were small and required rotating paralleling theb-axis (approximately perpendicular to the (00Lps
the crystal during the powder diffraction experiment. Because face). Figure 4 shows the height profile of the etching pattery
the crystal surfaces were often not at the same level as thecreated by dichloroethane. The bar is narrow and deep alarg
sample holder, the peaks from crystals of different sizes were thea-axis direction, and at the end of the bar, the height changes
slightly shifted resulting in some “splitting”. This notwithstand- abruptly. This is consistent with dichloroethane strongly agbo
ing, the faces were indexed by this method. sorbing onto the crystal surface along thaxis and disrupting 231

AFM Observation of Etching Patterns on the (001) Face. surface diffusion to some degree. Thus, even though the
On the (001) face of the acetaminophen crystals, there are twoattachment energy along tleeaxis is dominant on the (001)233
perpendicular crystallographic axes: #exis and thé-axis. face, the strong adsorption by dichloroethane caused etclaisig
Each acetaminophen molecule forms four hydrogen bonds with patterns to change from their normal slit shape to the fopss
other acetaminophen molecules, two of which are-NBH shortened bar shape. Li et’ateported that on the (010) facess
linking acetaminophen molecules along #raxis. of acetaminophen, the simulated etching pattern by dichlorez

All of the etching patterns on the (001) face included a feature ethane should be significant in both theandc-directions and 23s
along thea-axis, which is the hydrogen-bonding chain direction, particularly that it should be dominant in the direction of theo
as well as the direction of the dominant PBC. Figures 2 and 3 a-axis. The actual observed etching pattern by dichloroethame,
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Figure 3. AFM images of the (001) face of an acetaminophen crystal
dissolved in 1,2-dichloroethane for 2 min. The image sizes are (A) 60
x 60, (B) 20x 20, (C) 5x 5, and (D) 1x 1 um?, respectively. From
panels A to D, the images were zoomed in gradually. @hend b
axes are shown in panel A.

250

-250

Figure 4. Height profile taken along lines on height image, corre-
sponding to Figure 3c of the (001) face by dichloroethane.

however, is a long, narrow slit along tleeaxis on the (010)

DATE: January 19, 2004
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AFM Observation of Etching Patterns on The (110) Face. 258
The four largest faces of the acetaminophen single crystais
grown in water are the (110) family of faces; thus, thmo
dissolution process for the (110) face may affect the overaii
dissolution rate. Figures 5, 6, and 7 show the etching pattezers
of the (110) face created by acetic anhydride and ethyl acetade,
acetone and pyridine, and dichloroethane and water, respectisly.
All of the etching patterns share a feature along ¢hexis. 265
However, the etching patterns are solvent-dependent in the other
directions. The etching patterns of the (110) face by acetez
anhydride, acetone, and pyridine are arclike, their diameterds
along thec-axis, and it is difficult to evaluate any dependencao
of the arc on the projection direction along t@xis orb-axis 270
on the (110) face. However, closer examination shows a possile
“blurring” of edges formed along tha (—a) cutting the edge 272
formed in thec direction. The directionality of the etchinge73
pattern formed by water is not very clear, even though it dags
have a certain preference in tbdirection; it may be that water27s
causes “kinetic roughening” of the faéeFor ethyl acetate, the276
etching pattern is angular with one side along theis. The 277
etching pattern created by dichloroethane looks like an ars
rowhead with one side along tleeaxis and the base along the79
b-axis and is narrower than the other patterns. Overall, tise
etching patterns on the (110) face are much more comptex
relative to those on the (001) face, and it is interesting 1ep
compare these etching patterns with the directionality ared
strength of the PBC vectors related to the (110) face. 284

Acetaminophen molecules are connected by hydrogen bozeds
along thea-axis as well as in a direction intermediate betweepe
thea-axis and thes-axis on the (010) face but not in the directiopg?
of the c-axis (though a strong van der Waals interaction dozs
exist in thec direction). On the (010) face, the etching patternsg
created by all of the solvents are consistently in the directigso
of the c-axis, but they are highly solvent-dependent in ttee1
direction of thea-axis”-# On the (110) face, the etching patterns2
by different solvents are also consistently in the direction zf3
thec-axis, but they are variable in the direction of fvejection 294
of the a-axis on the (110) face. Solvent molecules may attazds
to a crystal surface along tha-axis by hydrogen-bonding296
interactions, thus affecting further dissolution along ahexis. 297
Solvents cannot form a hydrogen bond with acetaminopheresn
the direction ofc-axis, which may contribute to the stablego
etching feature in the direction of tleeaxis by various solvents.300
It is worthwhile to compare the observed etching patterns with
the predicted etching patterns to study whether the etchaog
patterns are dominated by such projections together with the
solubilizing ability of solvents or are affected by solversa
adsorption. 305

face. The phenomenon is consistent with and may be explained_ Surface Adsorption of Solvents on Crystal Morphology. 306

by the observation on the (001) face.

The effects of solvent on crystal morphology have been widebr

also slit like; however, it is much wider than the slits produced May play a very important role in crystal morphology? If - 00
by the other solvents. Its height profile does not show any abrupt Solvents have a specific adsorption during the dissolutiam
change in the slit direction; that is, taeaxis direction. Because ~ Process, a corresponding adsorption in the crystallization procass
of the relatively small size of acetone and its hydrogen-bond- Of acetaminophen may be observed. Among the acetaminophen
both hydrogen-bond chains. One hydrogen-bond chain is in thedichloroethane are needlelike, and crystals in the other faze
direction ofa-axis, and the other is in the direction intermediate Solvents are approximately parallelepiped. 315
between th@- andc-axes. The acetaminophen crystallized from  X-ray diffraction experiments also confirm that the dominasts
acetone exhibits more faces than that from water, which may faces of needlelike crystals grown in dichloroethane are the (140)
imply stronger adsorption of acetone in many directions (cer- family. The published reporf$;*°as well as our observationszis
tainly on those fast growing faces in water). Both the adsorption show that the initial supersaturation ratio does not affect the
of acetone onto the crystal surfaces and the high solubility may crystal habit in aqueous solutions if the supersaturation is greater
contribute to the width of the observed etching patterns. than approximately 15%. For the crystals grown from thei
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Figure 5. AFM images of the (110) face of an acetaminophen crystal dissolved in acetic anhydride (A,B,C) and ethyl acetate (D,E,F). The image
sizes are (A,D) 606@n?, (B,E) 2020um?, and (C,F) 55«m?. From panels A to C, as well as panel D to F, the images are zoomed in gradually.
The c-axis, as well as the projections of tae andb-axes, on the (110) face are marked in panels A and D.

Figure 6. AFM images of the (110) face of an acetaminophen crystal dissolved in acetone (A, B and C) and pyridine (D, E and F). The image sizes

are (A,D) 6060um?, (B,E) 2020um?, and (C,F) 55um?. From (A) to (C), as well as (D) to (F), the images are zoomed in gradually c¥hés,
as well as the projections of treaxis andb-axis on the (110) face, are marked on A and D.

322 dichloroethane solution, with supersaturation as high as 44%,the supramolecular interaction netwdrkhat is, that different 337
323 it is very likely that the significant morphology deviation from  attachment energies in different directions cause etching pattesas
324 ideal morphology, predicted by Cerfug.2 on the basis of  to have directional preference. In addition to solvent adsorptizza
325 BFDH simulation, was attributable to the specific adsorption on the crystal surface, the solubilizing ability of the solvent widko
326 of dichloroethane onto acetaminophen crystals. The most affect surface diffusion time constants. Even though there ase
327 significant deviation of etching patterns was observed from many factors that can affect surface diffusion, it is still usefsd2
328 etched by dichloroethane on the (010) féa¢@n the (010) face, to expand the use of the model to elucidate the effects3af
329 the etching patterns created by dichloroethane are slits alongattachment energies on surface diffusion and etching pattegas.
330 thec-axis and have no obvious elongation alongafeis such In the dissolution process, detachment of molecules from tag
331 as that observed using other solvents. The deviations in bOth]at‘[ice is affected by the attachment energy in different direszs
332 crystal morphology and etching patterns suggest that thetions. The initial assumption is that there are no moleculessat
333 adsorption for dichloroethane along te@xis should be much  the 0 lattice site and that sites 1, 2, 3, and 4 have been occupied
334 weaker than that along thee andb-axes. by molecules in the lattice in Figure 8. To detach one of theo
335 Effects of Attachment Energies on Surface DiffusionLi four molecules from the lattice, the attachment energies betwesn

336 et al. reported that surface diffusion is under the guidance of the molecule and its neighboring molecules around and beleswy
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(A,D) 6060um?, (B,E) 2020um?, and (C,F) 55«m?. From panels A to C, as well as panels D to F, the images are zoomed in gradualbraXise
as well as the projections of ttee andb-axes on the (110) face, are marked in panels A and D.

aY (i.e., how often the diffusing molecule makes it to a site &0
controlled by probability, but how long it stays there iss1
DDDDD controlled by the energetics). 382
|:||:||:||:| If the incorporation and detachment processes are repeassd
DE@D many times, the elongation pattern in tiedirection will be 384
longer than that in th& direction and the relative length shouldss
DDEDD depend on the relative strength of the attachment energiessin
DDDDD each direction (in the simplest case). Overall, the modsf
DDDDD illustrated by Figure 8 shows that the etching patterns fawees
the direction with stronger attachment energies during the

> dissolution process via the incorporation and detachmestt

Figure 8. The relationship between the directions of attachment processes of surface diffusion. 391

energies and the directions of adsorption and desorption of surface In the absence of specific interactions between solvent ezl

diffusing molecules, assuming that the attachment energy inYthe I

direction is stronger than that in thedirection. crystal-boun_d molecules, the probfablllty of detachment shoaéd
be exponentially related to the relative energy (after Boltzmarsghs

it need to be overcome. Assuming that the interaction betweenAII of the involved attachment energies can be separated igis

a molecule on the surface and the molecules below is the samé"/© pa(;'_[s: | projected e?(?[r%ytoqhth? faceThof mteres;cj_ axgr
for all of the molecules at the four sites, it is only necessary to perpendicular energy related to the tace. The perpendicu

consider differences in the effects of the neighboring surface energy for molecules 1, 2, 3 apd 4 on the same face shoulcsdze
molecules on the four molecules. AssumiiYgis a strong Fhe same. Thefe“‘”e’ only proleqted energies need to t.’? taken
interaction direction relative t¥, to detach molecules 1 and 2, Into conS|der_at|o_n when comparing the rela_tlve proba_t_)lllty ofo
two strong interactions and one weak interaction with neighbor- detachment in different directions. Under given conditions afi

ing molecules need to be overcome; however, for molecules 3 lemperature and solvent with no molecule at the 0 site, the

and 4, only one strong interaction and two weak interactions probability (P) of detachment can be expressed as 403
need to be overcome. Therefore, it is easier to detach molecules 2E,+E,

at sites 3 and 4 than those at sites 1 and 2, that is, easier along P,=P,=A ex;(—) (1)
the Y direction than the along th¥ direction. -B

In the dissolution process, incorporation of molecules is also 2E,+E,
affected by the directionally dependent attachment energy. P,=P,=A eXF(—) 2
Assuming that there is one surface diffusing molecule at the 0 —B
lattice site and there are no molecules at sites 1, 2, 3, and 4, if
the surface diffusion is only controlled by thermal motion, it
will have the same probability to go to sites 1, 2, 3, and 4.
Even though the free energy change during the incorporation
process is different for sites 1 and 2 compared with sites 3 and
4, the probability of incorporation for one molecule should be
the same for different sites. Because the probability is deter-
mined by the difference between the energy of the surface o o X
diffusingymolecule and its transitional state a% the transitional fqr the sp.eC|f|§: face. The probabilityP] of detachment in 411
states can be assumed to be the same for joining different sites,d"cferent directions can then be expressed as 412
the probabilities are the same. However, after incorporation,

P=A ex;{

whereEy is the interaction between two neighboring moleculess
in the direction ofX axis andgy is the interaction in the direction4os
of Y axis; A’ and B are constants related to temperature aagh
solvent solubilization ability. At constant temperature, solvenis
with higher solubilization ability will have a higheB value. 408
Because Xy + Ey) is the sum of all projected attachmentoo
energies on the face of interest, it can be treated as a constant

g ©

the probability of detachment is different. Therefore, the
incorporation is actually controlled by the detachment process
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Figure 9. Periodic bond chains of acetaminophen calculated with Cerfine light blue faces (top in A and both edges in B) are the (001) face.
The thick blue lines represent the strongest PBC force, and panel B shows that the thick blue lines are parallel to the (001) face and along the

a-axis.
413 wherekE; is the interaction between two neighboring molecules TABLE 4: The Projections of Nine Dominant PBC Vectors
414 in the direction of theith axis; A and B are again constants ~ onto the (001) Face and in the Direction Perpendicular to
. ) the (001) Face Sorted by Angles
415 (determined by face, temperature, and solvent). Assuming that
416 the length of etching pit is linearly related to the probability of energy (kcal/mol)
417 detachment in different direction, then the ratio of length is PBC proj A B perp angle
—3.73 —1.5231 -0.0678 0.9977 —3.4049 —86.16
L P [&—F ~4.86 —4.6130 —0.0856  0.9963 —1.5296 —85.13
L~ p A g 4 146 12847 04796 —0.8775  0.6937 —61.37
Y y 2.41 2.3298 0.8318 —0.5550 0.6167 —33.73
. . . 1.89 1.5512 0.8395 —0.5433 1.0797 —32.93
418 On the basis of eq 4, the etching patterns based on the projected—11.64 —11.6400 0.9539 0.3003 0.0000 17.48
419 energies can be estimated when the effects of solvent-specific —4.95 —2.5944 0.8555 0.5178 —4.2156 31.20
420 interactions, temperature, etc. are ignored. Comparing the —7.2 —5.3200 -0.8101 —0.5864 —4.8515 35.92
421 predicted patterns with observed patterns may help to provide —7-°9  —58634 —0.2123 -0.9772 —4.819  77.78
422 more information about the interactions of solvent with crystal 2 The A vector andB vector are the orthonormal bases of the (001)
423 surface during dissolution process. face and are used here to show the directions of the projected PBC
424 Comparison between Attachment Energies and Etching  vectors. PBG= attachment energy of the PBC vector; proprojected
425 Patterns on (001) and (110) FacesEach unit cell of the  €nergy on the (001) face; pespprojected energy along the direction
426 acetaminophen crystal has four acetaminophen molecules, antsgéﬁfrngf(;’ It?]go\fggté?m) face; angfeangle between the projection
427 their geometrical centers of mass were used to determine the '
428 directions of the PBC vectors (Figure 9). Because the lengths elongation along both tha-axis and thec-axis. However, the 447
429 of unit cell dimensionsg, b, andc, are not the same, the lengths interaction values calculated by Li et athow that along the 448
430 are basically expressed in fractional crystallographic coordinatesc-axis, the attachment energies are not strong in the (010) faee;
431 (i.e., the unit vectorg\, B, andC are in the original directions  however, the attachment energies with upper and lower laysais
432 of thea-, b-, andc-axes, respectively, but with unit length one, are very strong. Even though the corresponding PBC vectas
433 see Appendix). Table 4 shows the projections of nine dominant of strong attachment energies are not parallel to the (010) face,
434 PBC projections on the (001) face, as well as the complementarytheir effects are “projected” on the (010) face resulting in thes
435 perpendicular components (the calculations are explained in thesignificant elongation along the-axis. 454
436 Appendix). Table 5 shows the projections of 16 dominant PBC  For the (001) face, Table 4 clearly shows that the strongest
437 projections on the (110) face, as well as the complementary energy is in theA vector direction. This is coincident with thesse
438 perpendicular components. The PBCs of which the projections direction of the a-axis projection on the (001) face. Aus7
439 are 10% or more of the maximum projection are listed in Tables approximately 17, the energy projection is-11.64 kcal/mol, 458
440 4 and 5, respectively. Table 6 shows the projection along the much larger than projections in any other direction, includinge
441 directions of thea-, b-, andc-axes on different faces. the combined projection energies-686° and—85°. Of course, 460
442 The main attachment energies may not always be parallel tosome cumulative small projections also contribute to the stromg
443 the faces of interest, and the contributions of those attachmentattachment energy in the direction of taaxis. There also exists4e2
444 energies on the surface diffusion on the faces of interest mayone hydrogen-bond chain in the direction of #iexis, and its 463
445 be evaluated on the basis of their orthogonal projections on thedisruption may play a role in etching pattern formation. On thes

446 face. On the (010) face, the etching patterns show significant basis of eq 4, if the energy difference in different directions 4es
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TABLE 5: The Projections of 16 Dominant PBC Projections B=3 B=10
on the (110) Face and in the Direction Perpendicular to the
(110) Face
energy (kcal/mol) T,
energy proj C D perp angle
—0.97 —0.8852 0.0328 —0.9995 —0.3967 —88.17  ___eecmmmm=ss=mtm '\
241 23971 -0.1219  0.9925  0.2489 —83.04 <
0.75 0.7334 0.2948 —0.9556 0.1570 —72.89 »C
—11.64 —7.3881 0.6567 —0.7541 —8.9948 —48.97
-0.9 —0.8974 —0.6864 0.7272 —0.0682 —46.68 »C

1.46 1.2711 -0.7027 0.7115 0.7182 —45.38
—7.59 —3.9458 0.9608 —0.2773 —6.4837 —16.11

0.82 0.7764 0.9984 —0.0573 0.2637 —3.29 i ) i )
—-1.96 —1.9600 1.0000 0.0000 0.0000 0.00 Figure 10. Predicted etching patterns of acetaminophen (110) face

—3.73 —3.1103 —0.9991 -0.0416 —2.0588 2.39 under differentB values.
—7.2  —6.2754 —0.9955 —0.0949 —3.5299 5.45 ) o
—4.95 —3.5425 —0.7966 —0.6045 —3.4574 37.21 and the observed etching patterns; however, this is clearlyoa

—1.24 —1.2152 —0.4230 —0.9061 —0.2467 65.01 useful tool to probe the relative impact of solvent effects anps
—4.86 —3.8788 0.3102 0.9507 —2.9282 71.97 dissolution and crystallization. Overall, the PBC projectiomss
é-gg é-ggéi 8-3322 g-gggg 8'8(7)83 gzgi combined with solubilizing ability approximately predict theoo

’ ' ’ ’ ' ' observed etching patterns on the (110) face (for most solverds).
2The C vector andD vector (i.e, [0.865-0.6290.378]) are  This consistency supports the hypothesis that etching pattemsvis
orthonormal bases of the (110) face and are used here to show theaffected by surface diffusion guided by the underlying crystab
directions of the projected PBC vectors. PBGattachment energy of interaction network. 504

the PBC vector; proj= projected energy on the (110) face; petp .
projected energy along the direction perpendicular to the (110) face; The asymmetry of the etching patterns on the (110) faces

angle= angle between projection vector afdvector. may be addressed by considering that both hydrogen-beos
chains cross the (110) face at an angle; on the other hand, Tadle
TABLE 6: The Projection Directions of the a-, b-, and 5 shows that most of the main PBC vectors cross the faceaat
c-axes onto the Faces of Interest yet a different angle. There is significant energy perpendicusas
face (001) (110) to the face. This asymmetry in the crystal structure asth
axis [100] [010] [001] [0.865-0.629 0.378] attachment energies causes the asymmetry of the obsested
etching patterns on the (110) faces. 512
a 1 0 —0.53 0.85 . .
b 0 1 0 -1 For the (110) faces, the perpendicular energies are st
c -1 0 1 0 negligible compared to the projection energies, and it is rsat

clear what the effects are of those strong perpendicular energiss
large, the etching pattern will be dominated by the direction of on surface diffusion. It is worthwhile to mention that fosie
the strongest energy. Because the energy alonges is acetaminophen crystallized in water, the unetched (110) faceiis
much stronger than that in other directions, the predicted etchingSmooth and has no specific pattern but the unetched (001) fase
pattern will be needlelike in the direction of theaxis. The  exhibits a similar pattern as if it were etched by water. Thgo
directions exhibiting weaker attachment energies such as alongstrong perpendicular energies may hinder the detachmens2of
the b-axis may also play a role in strong solvent, which is molecules from the lattice on the (110) face; that is, tlBe
consistent with the wider slit pattern by acetone than other difference of the perpendicular energies related to the two fases
solvents. Overall, the etching pattern on the (001) face appearsmay contribute to the difference in the unetched faces. 523
to be under the guidance of the projections on the (001) face,
that is, thea-axis direction. Summary 524
Table 5 shows that the attachment energies are not dominant The predicted etching patterns based on the PBC projectiozss
in any one direction for the (110) faces. There are several on the faces of interest and differeBtvalues (i.e., different 526

directions with significant energy: in the direction of thxexis solubilizing ability of solvents) fit the observed etching patterss?
(from —16° to 5°), the energy is approximatety14 kcal/mol; well for most solvents on the (001) and (110) faces s&ds
in the direction of—49°, approximately—7 kcal/mol; in the acetaminophen. The similarity further supports the idea that the
direction of 70 (from 65°—77°), approximately—3 kcal/mol; etching patterns are dictated by the internal crystal structase
in the direction of 37, about—3 kcal/mol. Based on eq 4, the through controlling surface diffusion of molecules based on tsm
predicted etching patterns are shown in Figure 10Bfealues attachment energies in different directions. 532

of 3 and 10). As the solubilizing ability of solvent increases, Etching patterns with prominent features in the direction &d3
the effects of the minor projections become more important than the projection of the-axis on the (110) face have been observeris
in weak solvent. All of the etching patterns have a dominant which is consistent with the etching patterns on the (010) faegs
feature along the-axis, which is consistent with the dominant However, in the direction of tha-axis, the etching patterns arese
projections along the-axis. The predicted etching pattern with  highly solvent-dependent for the (110) and (010) faces. Tése
B = 10 fits the observed etching patterns, which are arc-shaped,model shows that the projections contribute differently to etchisgg
for solvents including acetic anhydride, acetone, and pyridine, pattern formation depending upon the solvent. This may be the
as well as the water pattern. For dichloroethane, a weak solventmain reason for the difference of the etching patterns differenegs
the observed etching pattern fits the predicted etching patternalong thea-axis. As discussed, the existence of one hydrogens:
with B = 3. For ethyl acetate, the observed patterns look like bond chain in the direction of the-axis rather than in thes42
those predicted for a relatively weak solvent, even though ethyl direction of thec-axis may also play a role in solvent adsorptioss3
acetate has similar solubilizing ability as acetic anhydride. More through hydrogen-bonding interactions and affect the etchiag
study is needed to understand the difference of the predictedpattern formation. 545
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Solvent adsorption onto a crystal surface can affect both the VectorV = uA + vB + wC can be represented awjv] and 590
dissolution and crystallization processes. The most significant its unit vector. 591
changes in etching patterns and crystal morphology are observed Note that the vector here is not the same as the vectar
in dichloroethane, and the changes in both processes areepresented in terms of crystal unit cell. That means a crysia
consistent; that is, both changes suggest relatively strongvectorV = ua-+ vb+ wc= 12.931A + 9.40B + 7.1wC. For 594
adsorption in the direction of tha-axis or theb-axis or both. two vectorsVi = [uiriwi] and Va = [uwowy], the dot product 595
For other solvents, even though not as significant as the effectsis 596
of dichloroethane, their effects cannot be ignored.

Overall, the etching patterns are mainly determined by the
attachment energy in the face of interest, together with different

solubilizing ability of solvents. With different solubilizing  jirection can be represented using unit vectors. The PBC bege
ability, solvent causes the surface diffusion time for acetami- energy can be used as the length of the PBC vector. For gt
nophen on the crystal surface to vary. In weaker solvents, there g1 tace of acetaminophen crystals, it is easy to see thate
is more time for surface diffusion, and the effects of weaker ,,,e has two orthonormal bases, [100] and [010], which ape
attachment energies become less important than in _Stror_‘ge'gerpendicular to each other. For (110) face of acetaminoplen
solvents. In stronger solvents, the shorter surface diffusion time crystals, the plane has two orthonormal bases [001] and [6-86803

causes less difference in the corjtribution of weak gnd strong g 529 0.378]. Then the orthogonal projection matrixes are 604
attachment energy on the etching pattern formation. After

V'V, =uu, + vv, + WyW, + UW, cosp + u,w, cosp

For each PBC vector, from the two molecule positions, #s7

consideration of the effects of attachment energy and solubilizing 100 0 0.865
ability of solvent, solvent adsorption effects may be better M(001)=(0 1 0 M(110)=|[0 —0.629 0
studied through observation of etching patterns and crystal 000 1 0.378

morphology change compared to the predicted behavior.
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