
     

 

 

Supporting Information 

© Wiley-VCH 2007 

69451 Weinheim, Germany 



Angew. Chem. Int. Ed. 2006 Selective Crystal Growth of Theophylline on SAMs 
 

Cox, Dabros, Shaffer, Thalladi       DOI: 10.1002/anie.200604674                                                                          Supporting Information S1

SUPPORTING INFORMATION 

Selective Crystal Growth of Anhydrous and 
Monohydrate Forms of Theophylline on  
Self-Assembled Monolayers  

Jason R. Cox, Marta Dabros, Jeanne A. Shaffer and 
Venkat R. Thalladi 

Department of Chemistry and Biochemistry,  
Worcester Polytechnic Institute, Worcester, MA 01609 
 
Materials. Thiols 1-5 purchased from Aldrich, solvents from 
Pharmco, and anhydrous theophylline from TCI-America were 
used as received. 

Preparation of SAMs.  Gold coated glass slides purchased 
from Evaporated Metal Films had two layers of metal coating: a 
50 Å thick chromium adhesive layer and a 1000 Å thick gold 
layer. The slides had a thickness of 1 mm; they were cut into 25 
mm × 37.5 mm pieces and immersed in a freshly prepared 
piranha solution (70% conc. H2SO4 and 30% aqueous H2O2) at 
90°C. After 10 minutes the slides were taken out, rinsed with 
deionized water and ethanol, and dried with a stream of nitrogen 
(caution: piranha solution reacts violently with organic 
compounds and should not be stored in closed containers; it 
should be used only in fume hoods). The SAMs 1-5 (Figure 
S1) were fabricated by immersing these cleaned gold slides in 
1 mM ethanolic solutions of the ω-functionalized thiols. After 
8-16 h the substrates were taken from the solution and rinsed 
with copious amounts of ethanol and blown dry with a stream 
of nitrogen. Freshly prepared SAM substrates were used in 
the characterization and crystal growth experiments. 
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Figure S1. Schematic structures of SAMs used as templates in 
this work.  

Characterization of SAMs was performed to check the 
extent of coverage, hydrophobicity and hydrophilicity of surfaces, 
the relative thickness of SAMs, and the identity of monolayer 
components. 

Contact Angles were measured at nine different positions for 
each type of surface (three separate slides) with a manual 
goniometer (Rame-Hart, Model 100-00). The values reported in 
Table S1 were averages of these measurements. Deionized water 
droplets (5 μL) were added to each surface using a calibrated 
Epindorf pipette and the angles obtained had a maximum error of 
± 1.6°. The contact angles provided a rough measure of 
hydrophobicity and hydrophilicity of the surfaces. 

Table S1. Contact angle and ellipsometric data for SAMs 1-5. 

SAM Thiol Contact Angle Thickness 
1 dodecanethiol 96.2 ± 1.6° 14.2 ± 1.2 Å
2 hexadecanethiol 98.4 ± 0.6° 22.0 ± 1.0 Å
3 11-mercaptoundecanol 33.5 ± 1.2° 14.6 ± 1.1 Å
4 11-mercaptoundecanoic acid 29.6 ± 0.8° 18.3 ± 1.3 Å
5 16-mercaptohexadecanoic acid 28.4 ± 0.6° 21.8 ± 1.2 Å
- bare gold 76.0 ± 0.9° - 

Ellipsometry measurements were performed on a manual 
photoelectric ellipsometer (Rudoph Instruments, Model 
439L633P). Thickness data reported in Table S1 were estimated 
assuming a refractive index of 1.462 and an extinction coefficient 
of 0 for all the substrates. The data were taken as averages of 
nine different spots on three separate slides for each type of 
surface. The measurements used a He-Ne laser (λ = 6328 Å) that 
fell at a 70° angle on the substrate and reflected into the analyzer. 
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Figure S2. Grazing angle IR spectra of SAMs 1-5. The plots used 
wave numbers on the x-axes and % reflectance on the y axes.  

Infrared Spectra of SAMs were collected with a Nexus FT-
IR spectrometer (Model 670) equipped with a liquid nitrogen 
cooled MCTA detector and ThermoNicolet grazing incidence 
accessory. Nitrogen gas was used to purge the optical path before 
and during data acquisition. For each sample 64 scans with a 4 
cm-1 resolution were collected using an IR laser incident at an 
angle of 75°. Increasing the number of scans up to 480 did not 
significantly change the intensity of peaks. Figure S2 shows IR 
spectra of SAMs in the fingerprint region. A freshly prepared 
gold substrate was used as background prior to the acquisition of 
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each IR spectrum. These spectra clearly show the identity of the 
SAMs formed on gold substrates. The bending/wagging 
vibrations of methylene groups were seen in all the spectra. In 
SAM-3, C−O stretching was seen at 1180 cm-1; in SAMs 4 and 5 
C=O stretching appeared at 1710 and 1712 cm-1 respectively. 

Cyclic Voltammetry experiments were carried out using a 
potentiostat/galvanostat (EG&G Princeton Applied Research 
Model 273). A three-electrode setup, wherein the SAM/gold 
substrate clamped with an alligator clip acted as the working 
electrode, and SCE and Pt wire acted as reference and counter 
electrodes, was used in these measurements. A 1 mM solution of 
K3[Fe(CN)6] was used as the redox active material with 50 mM 
KCl as the supporting electrolyte. Both solutions were freshly 
prepared and bubbled with nitrogen gas for 15 min. The complete 
electrochemical cell was placed in a Faraday cage to minimize 
noise.  The CV curves were obtained in the range -0.5 to +0.7 V 
with a scan rate 50 mVs-1 and a 1 mV scan increment (Figure S3). 
When bare gold was used as a substrate the CV measurement 
showed the redox activity Fe3+/Fe2+ couple; for SAM coated gold 
substrates the measurements showed near zero activity indicating 
that the gold slides were fully covered with the SAMs. 
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Figure S3. Redox activity of Fe3+/Fe2+ couple in cyclic voltammetry 
when bare gold and SAM substrates acted as working electrodes.  

Crystal Growth on SAMs. In a 100 mL beaker, nearly 
saturated theophylline solution was made in ethanol (200 proof, 
Pharmco) and heated at 60 °C for 30 minutes. The solution was 
cooled to 20 °C and transferred to 20 mL glass vials containing 
SAMs. Gold coated slides exposing SAMs were leaned at 50-90° 
angles against the walls of the vials. The solution was added until 
the slides were completely immersed and the vials were covered 
with a punctured aluminum foil to allow slow evaporation. All 
the crystal growth experiments were performed in parallel and at 
least five times at 20 °C and ~70% relative humidity. The results 
in all these experiments were qualitatively similar. Crystals of 
monohydrate and anhydrous form appeared about the same time, 
typically between 24-36 h.  

One concern with crystallization by evaporation is that a 
metastable polymorph (in this case anhydrous form) formed in 
the beginning may not be able to transform to a stable form (in 
this case monohydrate) if all the solvent is evaporated. Use of 
alternative crystal growth methods (such as cooling or anti-
solvent addition) may promote any possible phase transitions. 
We performed the crystal growth experiments (by slow 
evaporation of the solvent) on hydrophobic and hydrophilic 
SAMs in parallel using the same crystallization solution. These 
experiments are carried out multiple times to check for 
consistency. If the crystal growth method (and not the SAMs) is 
responsible for the selective growth, we should have observed 
such selectivity irrespective of the type of SAM substrate used. 

The reproducibility of our results (hydrogen bonding SAMs – 
anhydrous form; hydrophobic SAMs – monohydrate) shows that 
it is the nature of the SAMs (and not the growth method) that is 
responsible for the observed selectivity. 

Once the crystals appeared on SAMs, the substrates were 
slowly withdrawn from the vial and gently blown with nitrogen 
gas to detach any physisorbed crystals and particles. The crystals 
that were still attached to the substrate were carefully dislodged 
and immediately used in the characterization experiments. We 
observed that crystals were more tightly adhered to SAMs 3-5 
than SAMs 1-2. This observation again indicates a higher degree 
of interfacial interactions in the case of hydrophilic SAMs. 
Crystals of monohydrate grew on hydrophobic SAMs 1-2 as well 
as on the surfaces of the vial containing these SAMs. In the case 
of hydrophilic SAMs 3-5, crystals of anhydrous form appeared 
on the SAM surfaces whereas crystals of anhydrous and 
monohydrate form were grown on the vial surfaces. In the 
absence of SAMs (with or without bare gold substrates immersed 
in solution) concomitant crystallization of both forms took place; 
monohydrate was the predominant form. We used bare gold 
substrates as controls in all the experiments. Typically, very few 
crystals are formed on these substrates. More than 95% of these 
crystals belong to the monohydrate form. This is in accordance 
with the hydrophobicity of bare gold substrates. 

We also performed the crystal growth experiments of 
theophylline in 0.01-10 μm solutions of thiols 1-5. The objective 
of this exercise was to determine if thiol molecules dissolved in 
solution had the same effect as the SAMs 1-5 on a surface. 
Powder X-ray diffraction analysis showed that these experiments 
resulted in a concomitant mixture of anhydrous (~15-20%) and 
monohydrate (80-85%) forms. Similar results were obtained in 
the absence of thiol molecules dissolved in solution.  

Infrared Spectra of Polymorphs were collected with a 
Perkin Elmer FT-IR spectrometer (Model: Spectrum One) fitted 
with an ATR accessory. We used IR as the first characterization 
tool because the ATR accessory allowed rapid data acquisition (< 
1 min) with a small amount of sample (< 5 mg). The two 
polymorphs under consideration can be clearly identified from 
the spectra (Figure S4); the most distinguishable peak 
corresponds to the broad O−H stretching frequency of water in 
the monohydrate at 3450 cm-1. 
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Figure S4. IR spectra of monohydrate and anhydrous forms of 
theophylline grown on SAMs.  
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Figure S5. Thermal analysis of monohydrate and anhydrous forms 
of theophylline. Notice the complete dehydration at 70 °C in the 
monohydrate.  

Differential Scanning Calorimetry measurements were 
carried out with DSC-2920 (TA Instruments) in hermetically 
sealed and crimped aluminum pans. Samples were subjected to 
heating in the range 30-300 °C at a rate of 10 °C per minute 
(Figure S5). The monohydrate showed a distinct endotherm near 
70 °C corresponding to the loss of water; the anhydrous form 
showed no such endotherm. Both forms displayed no further 
phase transitions until the melting endotherm, which appeared at 
272 °C. Thermal gravimetric analysis (TGA-2950, TA 
Instruments) of the monohydrate showed that the endotherm at 
70 °C in DSC corresponds to complete loss of water. 

Powder X-Ray Diffraction Data were collected on a Rigaku 
Geigerflex D-MAX/A diffractometer using Cu-Kα radiation. The 
instrument was equipped with a vertical goniometer and a 
scintillation counter as a detector and applied Bragg-Brentano 
geometry for data collection. X-rays were generated at a power 
setting of 35 kV and 35 mA. Crystals of the anhydrous form 
grown on SAMs were usually small (50-100 μm); these were 
used for diffraction directly. If the crystals were larger (as in the 
case of monohydrate) they were pulverized using a mortar and a 
pestle prior to diffraction analysis. We also subjected the smaller 
crystals of monohydrate to diffraction without grinding; there 
was no significant change in the relative intensities of the 
diffraction peaks. Samples were transferred to a glass sample 
holder that had loading dimensions 1.6 cm × 2 cm and exposed to 
X-rays over the 2θ range 5-50° in 0.05° steps and at a scan rate of 
2° per minute. Figure 4 and Figure S6 show the experimental 
powder patterns along with powder patterns calculated from the 
single crystal X-ray structures. These X-ray patterns show, 
unequivocally, that the crystals obtained from hydrophobic and 
hydrophilic SAMs correspond to monohydrate and anhydrous 
forms of theophylline respectively. 
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Figure S6. Powder X-ray diffraction patterns of anhydrous form of 
theophylline. Note that the relative intensities of peaks in the 
anhydrous form grown without the SAMs match with the calculated 
pattern. The broad hump in the experimental patterns from 16-35° 
corresponds to diffraction from the glass sample holder. Arbitrary 
units for the intensity are used on the y-axes.  

The relative intensities of anhydrous form in the 
experimental pattern were significantly different from those in 
the calculated pattern. Specifically, peaks corresponding to the 
(200) and the related higher index planes (400) and (600) had far 
greater intensities than other peaks. To ensure that the change in 
relative intensities was not an artefact of Bragg-Brentano 
geometry used in the diffraction, powder patterns were collected 
on crystals of anhydrous form grown in the absence of SAMs. 
Several variants in sample preparation were tried: pulverized and 
non-pulverized samples; minimal (50 mg) to large (1.5 g) 
quantities; and commercial theophylline and crystals grown in 
anhydrous (0% relative humidity) conditions. Results from all 
these samples showed diffraction patterns similar to the 
calculated pattern. These findings strongly support the view that 
most (if not all) of the crystals of anhydrous form were grown on 
their {200} faces on hydrogen bonding SAMs 3-5. In other 
words, these SAMs facilitated the growth of anhydrous form 
through epitaxial interactions. 

The epitaxial growth in each experiment was confirmed by 
powder X-ray diffraction analysis. To the best we can determine, 
only peaks corresponding to the anhydrous form appeared on 
SAMs 3-5 (with higher than usual intensities for (200) and 
related planes); crystals grown on SAMs 1 and 2 showed only the 
peaks corresponding to the monohydrate. In contrast, however, 
the diffraction patterns of crystals grown outside of the 
hydrophobic or hydrophilic SAMs (that is, on vial surfaces) 
revealed the peaks corresponding to both forms. Analysis of the 
relative diffraction intensities of (200)/(201) planes of anhydrous 
form and (011)/(020) planes of monohydrate indicated that the 
content of anhydrous form is in the range 15-30% (monohydrate 
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70-85%).  These planes were chosen because the diffraction 
peaks corresponding to these planes are reasonably far apart from 
other peaks.  
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Figure S7. Schematic representation of coincident epitaxy. 
Substrate lattice (a1, a2, α) is drawn in blue; overlayer lattice (b1, b2, 
β) is drawn in red. Note that the vertices of a 3 × 3 supercell of the 
overlayer lattice reside on corners of the substrate lattice.  

Geometric Epitaxy was determined by the lattice matching 
program EpiCalc. Complete description of the program and its 
various applications can be found in the elegant original papers 
published by Ward and coworkers (ref. 20). A brief overview is 
provided here to guide the reader to understand the results 
presented in Table S3. EpiCalc determines the lattice registry by 
rotating an  overlayer  lattice (b1, b2, β) on  a  substrate  lattice (a1, 
a2, α) through a series of azimuthal angles (θ) (Figure S7). For 
each azimuthal angle, the program calculates a dimensionless 
potential V/Vo, whose value depends on the type of epitaxy 
between the two lattices (Table S2).  

 

Table S2. Dependence of value of V/Vo on the type of epitaxy. 

V/Vo Epitaxy Symmetry of Substrate Lattice  
1 incommensurate any 

0.5 coincident any 
0 commensurate non-hexagonal 

-0.5 commensurate hexagonal 
 
Commensurate epitaxy, an ideal form of epitaxy, involves the 

matching of every lattice point of the overlayer with the substrate 
lattice points. Coincident epitaxy, less ideal but more common 
form of epitaxy, involves the matching of some lattice points of 
the overlayer with substrate lattice points. One way to look at 
coincident epitaxy is that a supercell (an integral multiple of 
basic unit cell; e.g., 3 x 3 supercell in Figure S7) of overlayer 
exhibits commensurate epitaxy with the substrate. It follows then 
that the smaller the size of the supercell greater is the epitaxial 
match between two lattices. If the two lattices do not exhibit 
commensurate or coincident epitaxy, they are said to be 
incommensurate. Table S2 shows the relationship between the 
values of V/Vo and the type of epitaxy. 

 

Table S3. Parameters for geometric epitaxy.  

basic cella  supercellb 

polymorph face 
b1 (Å) b2 (Å) β (°)  multi-

pliersc 
area 
(Å2) 

θ (°) V/Vo

anhydrous {200} 3.830 8.501 90  4 × 1 130.2 24.20 0.50
 {110} 8.501 24.908 90  1 × 1 211.7 30.25 0.52
 {201} 3.830 29.914 90  2 × 4 916.6 34.18 0.50
 {111} 9.324 24.908 93.62  2 × 4 1854.2 53.10 0.50
 {011} 9.324 24.612 90  4 × 3 2753.8 58.07 0.50          

monohydrate {101} 14.423 15.355 90  1 × 1 221.5 58.20 0.55
 {011} 4.468 20.197 95  1 × 3 269.7 45.75 0.50
 {110} 13.121 15.992 92.17  1 × 2 419.4 20.10 0.52
 {020} 4.468 13.121 97.79  4 × 2 464.7 46.75 0.54
 {10 1 } 13.275 15.355 90  3 × 3 1834.5 49.15 0.50
 {11 1 } 20.197 22.794 95.95  3 × 4 5494.7 54.70 0.48

a Two-dimensional unit cell of the crystal planes corresponding the 
macroscopic face under consideration. b Nonprimitive supercell obtained 
by extending the basic cell along b1 and b2 axes. c The numbers in this 
column refer to the number of times b1 and b2 are multiplied to generate 
the supercell. 

We determined the 2D lattice parameters for the growth faces 
of both forms and listed them as basic cell parameters in Table 
S3. We performed epitaxy calculations for each of these faces 
against the substrate SAM lattice with a 0.01° increment in θ, and 
allowed each overlayer lattice vector (b1 and b2) to be multiplied 
four times at the most. We analyzed the results to obtain the 
values of θ corresponding to the best lattice match along with 
other related parameters (Table S3). These results show that 
{200}, {201}, {111}, and {011} faces of the anhydrous form and 
only the {011} face of the monohydrate exhibit ideal coincident 
epitaxy; other faces deviate from the ideal value of V/Vo. Of all 
the faces that show a V/Vo value of 0.5, the {200} face of the 
anhydrous form has the smallest super cell area, that is, it 
exhibits the best epitaxial match with the SAM substrates. 

Chemical Complementarity at various growth faces was 
evaluated using the published crystal structures of the two forms. 
The coordinate data were taken from the refcodes BAPLOT01 
and THEOPH01 in the Cambridge Structural Database (Version 
5.27) for crystals structural analysis. 

Figure S8 shows molecular arrangement at various planes 
corresponding to the macroscopic growth faces of the anhydrous 
form. These images show a corrugated packing at (110), (111), 
and (011) planes; thus, a greater degree of surface reconstruction 
is necessary before the corresponding crystal faces can interact 
with the SAM surfaces. Four other factors, (i) parallel alignment 
of molecules with respect to the planes, (ii) lack of distinctly 
exposed hydrogen bond acceptors at the interface, (iii) 
diminished geometric epitaxy (larger super cell areas or a V/Vo 
value of 0.55 in Table S2), and (iv) relatively smaller size of the 
corresponding macroscopic faces (Figure 1b), make these faces 
less likely to be nucleated by the hydrogen bonding SAMs 3-5. 

In contrast, the {200} and {201} faces are large (Figure 1) 
and the molecules lie nearly perpendicular to the corresponding 
crystal planes. Both sets of faces expose the third hydrogen bond 
acceptor at the interface and hence both faces can potentially be 
nucleated by the SAMs 3-5. Three factors, in our opinion, make 
the {200} face more likely to be templated: (i) {200} is larger 
relative to {201} (Figure1b), (ii) {200} shows better geometric 
epitaxy (Table S3), and (iii) hydrogen bonded bilayers are 
parallel to {200}; they are at a 58° inclination with respect to 
{201}. Indeed, Figure 2a and powder X-ray diffraction analysis 
reveal that crystals of anhydrous form grow on their {200} faces 
on hydrogen bonding SAMs. 
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Figure S8. Molecular arrangement at various planes in the crystal 
structure of anhydrous form of theophylline.  

All the donors and acceptors on theophylline molecule form 
hydrogen bonds in the monohydrate (Figure 5a); water molecule 
provides the missing donor. Figure 1c shows that {101}, {10 1 }, 
{110}, and {11 1 } faces are relatively small, and Figure S9 
shows corrugated arrangement of molecules at the corresponding 
crystal planes. The packing at {11 1 } (not shown) is similar in 
that it is corrugated and exposes hydrophobic groups. These faces 
are not likely to be templated by hydrogen bonding SAMs. The 
two remaining sets of faces, {011} and {200} are larger and are 
likely to interact with foreign surfaces. While {020} exhibits 
diminished geometric epitaxy, {011} shows a corrugated 
arrangement of molecules at the interface. If epitaxial matching 
and interfacial hydrogen bonding interactions are not responsible, 
why do crystals of monohydrate grow exclusively on the 
hydrophobic SAMs? One possible answer to this question is the 
following: crystal nuclei of the anhydrous form expose hydrogen 
bonding groups at the growth interface; they may not be able to 
adhere  to  the  hydrophobic  surfaces  for  further  growth. These  
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Figure S9. Molecular arrangement at various planes in the crystal 
structure of theophylline monohydrate.  

nuclei, when forced to stay longer in solution, may be converted 
into the stable monohydrate form through Ostwald ripening 
process. We are performing further experiments with other drugs 
that exhibit true polymorphism (as opposed to the anhydrous-
monohydrate forms discussed here) to test whether hydrophobic 
surfaces can promote the growth of stable polymorph by 
suppressing the nucleation of less stable polymorphs.  

The following characteristics of the {200} face of the 
anhydrous form make it highly likely to be nucleated by 
hydrogen bonding SAMs. (i) Morphologically, it is the largest 
face in the anhydrous form. (ii) Hydrogen bonded bilayers are 
parallel to the corresponding (200) plane. (iii) These bilayers 
expose carbonyl acceptors (that are not involved in hydrogen 
bonding within the crystal) at this face. (iv) The {200} face 
shows the best geometric epitaxy (smallest supercell area and 
ideal V/Vo value) of all the faces in both the forms. All these 
factors enable the selective growth of anhydrous form on SAMs 
capable of forming hydrogen bonds. 


