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Abstract

In this paper, we demonstrate the application of Metal-Assisted and Microwave-Accelerated Evaporative Crystallization (MA-MAEC) technique to 
rapid and selective crystallization of a small drug compound. i.e. acetaminophen. Subsequent characterization of the crystals by optical microscopy, 
powder X-ray diffraction (PXRD) and Raman spectroscopy showed quantitatively selective growth of different crystal forms at various experimental 
conditions. Acetaminophen crystals were grown predominantly as Form I (99%) on blank glass slides at room temperature. Form II crystals with 39% 
purity grown on SIFs using microwave energy.
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1. Introduction

     The determination of crystal structure of organic and 
biological molecules affords a better understanding of 
their behavior, both in-vivo and in-vitro [1, 2]. Various 
crystallization techniques are reported for the rapid 
growth of higher-quality crystals of organic and biological 
molecules [3-5] In this regard, Garetz et. al., employed 
polarized laser light irradiation to crystallize amino acids 
in solution [6]. Hamilton et. al. demonstrated the use of 
engineered surfaces such as nanoscale cylindrical pores in 
an effort to control polymorphism [7]. Myerson research 
group has developed crystallization platforms with self-
assembled monolayers (SAMs) of alkane thiols for 
crystallization of biological and organic molecules using 
micro-droplet solvent evaporation [8]. More recently, 
Trout et. al. described a detailed investigation of the role 
of surface chemistry and morphology of porous polymer 
surfaces on heterogeneous nucleation of aspirin [9]. 

    Previous work from our lab has demonstrated the use of 
Metal-Assisted and Microwave-Accelerated Evaporative 
Crystallization (MA-MAEC) technique as a quick and 
efficient method of growing crystals of amino acids with 

selective morphology [10, 11]. MA-MAEC technique is 
based on the combined use of silver island films (SIFs) as 
a new crystallization platform and low power microwave 
heating to speed up the crystallization process. In MA-
MAEC, SIFs do not readily heat up when subjected to 
microwave heating, as compared to their surroundings 
and subsequently a temperature gradient between SIFs 
and their surroundings is created. The temperature 
gradient results in rapid mass transfer of molecules in 
solution towards the SIFs and amino acid molecules 
selectively assemble on to SIFs due to the strong affinity 
of silver nanoparticles towards amine groups [11]. 

    Acetaminophen i s  a  widely  used  over- the-
counter analgesic and anti-pyretic drug [12]. Haisa 
et. al. identified two different crystalline forms of 
acetaminophen, Form I and Form II [13]. Form I crystals 
are monoclinic and are the most thermodynamically stable 
form of acetaminophen at room temperature, but they 
display poor compressibility. This was attributed to the 
absence of slip planes in the crystal structure which are 
necessary for a molecule to undergo plastic deformation 
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during compression [14, 15]. To overcome this deficiency, 
excipients are added to enhance compaction property 
and bind the molecules into the required shape. Form 
I is obtained by recrystallization of acetaminophen 
from water, ethanol or methanol. Addition of excipients 
escalates both the time and cost of manufacture. Form II 
of the acetaminophen crystals are orthorhombic metastable 
at room temperature; thus conversion of Form II to 
Form I can be carried out by exposing Form II crystals 
to increased temperature. Form II crystals have well 
defined slip planes which make them preferable for direct 
compression without need of excipients or binding agents.
[16] The growth of Form II crystals by slow evaporation 
from ethanol solution[13] has been elusive to the 
scientific community. More recently Form II crystals are 
grown consistently and on a bulk scale by fusion/melting 
of Form I or amorphous acetaminophen and subsequently 
using it as seed for obtaining Form II crystals [15]. Form 
III acetaminophen has also been isolated and studied. It is 
very unstable at room temperature and has been found to 
grow only in a physically constrained setup [16]. Lang et. 
al. has studied the selective production of acetaminophen 
on polymer heteronucleus [17]. Chadwick et al. has 
recently has described the detailed a new method for 
selecting crystalline substrates to control polymorphism 
of acetaminophen by heterogeneous nucleation [18].
    In this communication, we describe the recrystallization 
o f  c o m m e r c i a l l y  a v a i l a b l e  a c e t a m i n o p h e n 
(4-acetamidophenol; paracetamol) from deionized 
(DI) water on glass and SIFs at room temperature and 
using microwave heating at different microwave power 
levels. Subsequent characterization of the crystals by 
optical microscopy, powder X-ray diffraction (PXRD) 
and Raman spectroscopy shows quantitatively selective 
growth of different crystal forms under various 
experimental conditions. When grown on SIFs using 
microwave energy, Form II crystals with 39% purity were 
obtained. Other studies, in contrast, report that Form II 
crystals obtained from water solutions are transformed 
to Form I due to the presence of residual water in their 
crystal lattice [13].
 2. Materials and Methods
    The supersaturated acetaminophen solution was 
prepared by dissolving 3.02 g of acetaminophen in 
10 ml deionized (DI) water. The initial temperature 
of the solution was adjusted to (80 °C). In the room 
temperature crystallization procedure, 20 μL of the 
acetaminophen solution was pipette onto the blank glass 
slides or SIFs and time taken for complete evaporation 
of the solvent was noted. In the microwave-accelerated 
crystallization procedure, glass slides and SIFs were 
subjected to microwave heating at power level (PL) 10 
in a conventional microwave oven (Emerson, maximum 
power 700W microwave oven, Model: MW8784B) 
until the solvent was completely evaporated. The above 
steps were repeated for microwave PL 5 and PL 1. SIFs 
from the same batch were used for each experimental 
condition.

 3. Results and Discussion

    The MA-MAEC technique is based on the combined 
use of SIFs and low power microwave heating that 
results in selective crystallization of molecules of 
interest through selective nucleation on SIFs and rapid 
evaporation of the solvent. Subsequently, it is important 
to comment on the evaporative nature of the MA-MAEC 
technique with respect to its relevant tools (SIFs and 
low power microwave heating). Scheme 1-top depicts 
the experimental geometry and thermal conductivities 
of the materials used in the MA-MAEC technique. In 
this regard, 20ul of supersaturated aqueous solution 
of acetaminophen at 80 °C is placed on a glass slide 
or SIFs (at room temperature) is allowed evaporate at 
room temperature or by microwave heating. In the room 
temperature evaporative crystallization experiments, 
the complete evaporation of water on a blank glass 
slide takes up to 71 sec, where the heat is preferentially 
transferred from warmer water 80°C to colder blank 
glass and air. Due to the larger thermal conductivity of 
silver, when SIFs are present on the glass slide, heat is 
transferred to them at a much higher rate than it would be 
to a blank glass surface or to air, water. The temperature 
gradient (difference between the temperature of solution 
and the surface where the crystals are formed) in room 
temperature evaporative crystallization is ~58°C. 

    Although no direct evidence was obtained, the selective 
nucleation of acetaminophen crystals on SIFs is thought to 
be due the preferential interaction of functional groups of 
the acetaminophen (e.g. hydroxyl group- Scheme 1.) with 
SIFs, as predicted in a similar fashion to amino acids [10, 
11] In this regard, acetaminophen is thought to assemble 
onto SIFs via hydroxyl groups and in combination with 
microwave heating affords for the selective nucleation 
of acetaminophen crystals. It is previously shown that 
molecules with hydroxyl functional groups assemble onto 
silver nanoparticles.[19] In contrast, the nucleation on 

Scheme 1 Schematic depiction of (top) experimental geometry (bottom) 
temperature gradient created by initial heating of solution and additional 
heating by microwave heating. k-Thermal conductivity, W-Watts, 
K-Kelvin, T-Temperature, RT-Room Temperature, MW-Microwave 
heating, PL-Power level. ∆T-Temperature gradient
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glass slides (especially at room temperature) is thought to 
occur in a random fashion. 

    When a solution of acetaminophen identical to that 
described above is exposed to microwave heating, 
the temperature gradient between the solution and the 
surfaces increases depending on the employed duty 
cycle (Scheme 1-bottom). It is important to note that 
microwave power levels reported here correspond to 
the duty cycle of the microwave oven used in this work 
(power level 1 means full microwave power is on only 
10% of the time, etc.). In all experiments carried out in 
this study, no visual evidence for the boiling of water 
was observed. Although not measured directly, it was 
concluded that the temperature of the acetaminophen 
solution never reached 100°C. Since the microwave 
heating is on 100% of the time at microwave power 
level 10, the solution is continuously heated (<100°C) 
and the temperature gradient between the solution and 
the surfaces is maintained until water is completely 
evaporated. Subsequently, the larger temperature gradient 
results in faster evaporation of water and mass transfer 
of acetaminophen molecules towards the surface. At 
microwave power levels 1 and 5, microwave heating is 
on only 10% and 50% of the time, respectively, which 
results in intermittent cooling of the solution when the 
microwave heating is turned off. That is, the extent of 
the temperature gradient varies during the microwave 
heating at microwave power levels 1 and 5, and thus, the 
complete evaporation of water takes longer as compared 
to microwave heating at power level 10.

Table 1.  Comparison of the time taken by acetaminophen in deionized 
water to completely crystallize on glass and Silver Island Films (SIFs) 
at room temperature and microwave heating power level (MW_PL) 1, 5, 
10. DI-Deionized water. RT-Room Temperature. Each experiment was 
repeated 10 times. Sample size is 20 microliters.

    Table 1 shows the comparison of the time taken by 
acetaminophen in DI water, to completely evaporate 
on glass and SIFs and the crystal morphology and size 
distribution of acetaminophen crystals formed at room 
temperature and by microwave heating at power level 
1, 5, 10. For a fixed volume of 20  μL of acetaminophen 
solution, the total evaporation time on glass slides and 
SIFs at room temperature was recorded as 71 and 43 sec, 

respectively. That is, the use of silver nanoparticles in 
the crystallization process at room temperature reduced 
the total evaporation time by ~2-fold. When identical 
acetaminophen solutions were exposed to microwave 
heating, the total evaporation time was reduced up to 
3- and 4-fold on both glass slides and SIFs. Moreover, 
evaporation using microwave heating was consistently 
faster on SIFs than glass slides. In this regard, the fastest 
complete evaporation occurred in 10 sec on SIFs using 
microwave power level 5 (MW_PL 5). 

    Table 1 shows that the size of the acetaminophen 
crystals formed on glass at room temperature ranged 
between 140-453 μm. The use of silver nanoparticles in 
the crystallization process at room temperature resulted 
in up to 7-fold increase in the size of acetaminophen 
crystals formed, where the size of acetaminophen 
crystals ranged between 755-1005 μm. When identical 
acetaminophen solutions on glass and SIFs were exposed 
to microwave heating using microwave power level 1, 
5 and 10, the crystal sizes were consistently increased 
for both substrates. With microwave power level 10 and 
SIFs, acetaminophen crystals 846 - 2964 μm size were 
produced. This corresponds to a ~22-fold increase in size 
of acetaminophen crystals as compared to acetaminophen 
crystals produced using glass slides and room temperature 
evaporation. 

    Table 1 also shows that microwave heating of 
acetaminophen solutions significantly affects crystal 
morphology on both glass slides and SIFs.  The 
acetaminophen crystals formed on glass at room 
temperature contained 98% Form I and 2% Form II (based 
on quantitative analysis of PXRD data, See Supporting 
Information). When identical acetaminophen solution 
on glass slides was exposed to microwave heating, the 
extent of Form I decreased from 97% for MW_PL 1 
to 93% for MW_PL 5 and 83% for MW_PL 10. On 
the other hand, the acetaminophen crystals formed on 
SIFs at room temperature contained 99% Form I and 
1% Form II. That is, the use of silver nanoparticles in 
the crystallization process at room temperature did not 
result in significant changes in crystal morphology. When 
identical acetaminophen solutions on SIFs were exposed 
to microwave heating, the extent of Form II increased 
from 4% for MW_PL 1 to 31% for MW_PL 5 and 39% 
for MW_PL 10. That is, one can produce Form II of 
acetaminophen crystals with 39% purity from aqueous 
solution by using SIFs and microwave heating. 

    Fig.  1  shows opt ical  microscope images of 
acetaminophen crystals formed on blank glass slides 
and SIFs at room temperature and microwave heating. 
At room temperature, acetaminophen crystals formed 
on glass surface are predominantly Form I with a small 
number of crystals of Form II. Acetaminophen crystals 
formed on SIFs at room temperature appeared to be 
mostly Form II (We note that our PXRD results shows 
that Form II crystals were converted to Form I after 2 
hours of crystal growth). When identical acetaminophen 
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Fig. 1 Optical microscope images of acetaminophen crystallized from deionized (DI) water on blank glass slides and SIFs at room temperature 
and microwave heating. Form I crystals are monoclinic and appear as short prisms and plates, while Form II crystals are orthorhombic and have 
elongated needle-like shape.

Fig. 2 Timed images of acetaminophen crystallized from deionized (DI) water on SIFs at room temperature. Please note that these times are for actual 
microwave heating and there is a 5 sec delay in between each image used to collect the image.

solutions on blank glass slides are exposed to microwave 
energy at PL 1, 5, and 10, the extent of Form I is 
decreased while the extent of Form II is increased. 
Acetaminophen crystals formed on SIFs using microwave 
heating also contained Form II. Figure 1 also shows that 
the size of the acetaminophen crystals is significantly 
larger than those formed at room temperature on both 
blank glass slides and SIFs.

    In order to visualize the growth of acetaminophen 
crystals during the evaporation of water at room 
temperature and using microwave heating, optical images 
of the solution and of the growing crystals on blank glass 
slides and SIFs were taken at time intervals as indicated 
in the Fig. 2 and Supplementary Figures S1-S6. In the 
experiments involving microwave heating glass slides and 
SIFs were taken removed from the microwave oven for 
a brief period of time (~5 sec) to collect optical images. 
Figure S1 shows the time progression of crystal growth 
on blank glass slides at room temperature. Crystals are 
not observed as the solution is deposited (t = 0 sec), 

but within 10 sec individual Form I crystals appear to 
assemble side-by-side and on top of one another to form 
a larger crystal structure. As water continues to evaporate, 
the large crystal assembly continues to grow ceasing after 
70 sec as the water is completely evaporated. 

    Fig. 2 shows the time progression of growth of 
acetaminophen crystals on SIFs at room temperature. 
Acetaminophen crystals appeared within 5 seconds 
after the placement of acetaminophen solution on SIFs. 
The crystal growth is clearly seen in the subsequent 
images, where the crystals seem to grow to their final 
size in 30-35 seconds. In these images, the darker 
acetaminophen crystals are Form II (and the surrounding 
opaque acetaminophen crystals are Form I. The size 
of acetaminophen crystals formed on SIFs at room 
temperature is significantly larger than those formed 
on blank glass slides at room temperature. This implies 
that one can grow larger and selective (Form II) 
acetaminophen crystals simply by incorporating silver 
nanostructures on to glass slides.
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Fig. 3 Experimental PXRD data plotted using open-access software 
(Materials Analysis Using Diffraction or MAUD) for aceteminophen 
crystals form on SIF_RT and on SIFs_MW_PL10. The overlap shows 
the extent of matching of experimental data with standard data for 
acetaminophen (generated using “.CIF files” for acetaminophen 
obtained from Cambridge Crystallographic Data Center) and is used in 
quantitative analysis of the experimental data
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