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Chemical mixtures can be leveraged to store large
amounts of data in a highly compact form and have
the potential for massive scalability due to the use
of large-scale molecular libraries. With the parallelism
that comes from having many species available,
chemical-based memory can also provide the physical
substrate for computation with increased throughput.
Here, we represent non-binary matrices in chemical
solutions and performmultiple matrix multiplications
and additions, in parallel, using chemical reactions.
As a case study, we demonstrate image processing,
in which small greyscale images are encoded in
chemical mixtures and kernel-based convolutions are
performed using phenol acetylation reactions. In these
experiments, we use the measured concentrations
of reaction products (phenyl acetates) to reconstruct
the output image. In addition, we establish the
chemical criteria required to realize chemical image
processing and validate reaction-basedmultiplication.
Most importantly, this work shows that fundamental
arithmetic operations can be reliably carried out
with chemical reactions. Our approach could serve
as a basis for developing more advanced chemical
computing architectures.

1. Introduction
All living systems are capable of storing and processing
chemical information, as they constantly perceive and
respond to environmental signals. Biochemical reaction
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networks can be exploited for digital molecular information storage and computing [1]. Often,
these chemical and biological processes are orders of magnitude more space- and energy-efficient
than modern electronic computers [2]. Recent forays into chemical-domain computing have
generally centered around well-established biochemical reactions, such as DNA hybridization,
where single strands of DNA can represent logic gates and be assembled into DNA-based
logic circuits [3–7]. DNA strand displacement reactions have also been used as a model to
illustrate computation of polynomial functions [8]. However, chemistry also provides a source
of reactions suited for computation that offer significant advantages over biological computing.
For instance, the Belousov–Zhabotinsky (BZ) reaction and other oscillating reactions display
nonlinear chemical dynamics, which are reminiscent of behaviours observed in biological systems
[9]. The BZ reaction has been used in time-delay chemical circuits [10] and other catalytic reactions
have been incorporated into analogue and digital circuits by exploiting chemical logic gates
[11–13].

Previously reported reaction-based models for computing primarily involved autocatalytic
reactions and chemical reaction networks that made use of reaction–diffusion processes [9,14,15].
In our previous work, we presented a general framework for encoding and classification of
images represented by chemical mixtures [16], where the binary pixels of input images were
encoded by the presence, 1, or the absence, 0, of a chemical compound in a solution. The dot
product operations required for image classification were carried out by weighted volumetric
pooling with the final class determination readout via liquid chromatography. By using mixtures
of non-reactive compounds, we were able to perform multiple classifications in parallel with the
same number of volumetric multiply and accumulate operations as a single classification.

In this work, we propose a chemical-based computing system in which (i) the data operands
are encoded chemically (e.g. using phenols) and superimposed into mixtures, and (ii) arithmetic
operations are conducted on the operands in parallel using chemical reactions (e.g. acetylation),
such that a single reaction type operates on multiple data values akin to single-instruction
multiple data (SIMD) processors. To maximize computational throughput, we design a molecular
encoding scheme with three key properties. First, we use the analogue concentration of molecular
compounds to represent numerical values. Second, we strategically select molecular compounds
that do not cross-react to superimpose them together to store multiple data values in a single
molecular mixture. If M denotes the identified molecular compounds, each with Q levels of
concentration, then we can encode q=Mlog2Q bits in an individual molecular mixture. Third, to
ensure an accurate arithmetic implementation, we introduce additional reactants in the mixtures
to ensure that the competition for the reactants by the acetylation kinetics leads to the desired
arithmetic output. We showcase an implementation of our method on a parallel image processing
application, where an image is chemically encoded, with M= 4, Q= 8, and parallelly processed
with convolution kernels all in chemico.

We envision two potential applications for our system. First, our approach opens the
possibility of intrinsic molecular computing directly in chemical and biochemical environments,
eliminating the need for transducers and external processing. This approach will simplify soft
robots and other devices that make decisions and actuate based on the chemical inputs they
sense through seamless integration of these tasks. Second, our approach shows that it is possible
to compute in parallel in chemico, where reactions occur in situ, eliminating the data transfer
bottleneck between the main memory and the processor in von Neumann architectures. While
our computational throughput is a far cry from that observed in modern digital processors, which
have been successively improving for over 80 years, we can imagine a possibility in the future
for molecular processors with high-throughput capabilities that have the capacity to execute
operations on massive sets of data in parallel, potentially outperforming electronic processors
for specific tasks [17].

Reaction-based arithmetic via phenol acetylation was used in two demonstrations of image
processing. An image processing case study was performed which consisted of using one phenol
to encode the greyscale input image data and the addition of equal amounts of acetic anhydride
to apply an averaging kernel for processing. A parallel image processing case study was also
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Figure 1. Overview of image processing using chemical reactions. Matrix multiplications for the 2× 2-pixel convolution filter
are performed with phenol acetylation reactions. In step 1, the 4× 4-pixel greyscale input image is created using various
concentrations of phenols (black), with darker pixel intensity representing lower concentrations of phenols and lighter pixel
intensity representing higher concentrations of phenols. In step 2, the individual pixels of the input image are processed
through a chemical transformation known as acetylation. This is performed by addition and reaction of phenols with a specified
concentration, W, of acetic anhydride (red) as the kernel (red box) moves across the input image. In step 3, equal aliquots of
the resulting phenyl acetate products (black and red) from the vials associated with one kernel position are pooled, resulting
in an output image pixel. In step 4, these vials are analysed using Gas Chromatography-Mass Spectrometry (GC-MS) to obtain
the output image pixel intensity, which is represented by phenyl acetate concentration. The output image is then reconstructed
in silico from the measured concentrations of phenyl acetates. (Online version in colour.) Q2

performed with four phenols to encode input image data using a partitioning technique that
allows parallel acetylation reactions to represent matrix operations. This approach was used
with a small greyscale image that was processed with a Gaussian kernel by additions of acetic
anhydride that correspond to the various kernel weights. These image processing examples are
discussed in greater detail in the following sections. Throughout this work, our chemical image
processing pipeline consists of the following steps (figure 1):

1) Input images are encoded in concentrations of mutually, non-reactive phenol
compounds, which represent the input image pixel intensity.

2) Phenol compounds are acetylated with acetic anhydride to represent matrix
multiplication.

3) Equal aliquots from the resulting reaction mixtures are pooled to represent addition.
4) Concentrations of phenyl acetate reaction products are read out using standard analytical

methods and represent output image pixel intensity.
5) Processed images are reconstructed based on these phenyl acetate measurements in silico.

Ultimately, these case studies provide the basis to perform more complex in chemico
information processing and hint at the possibility of extending chemical computing beyond the
applications presented here.

2. In chemico linear computation
(a) Representing information in phenol concentrations
In conventional computers, data are represented using discrete voltages. In a chemical system,
the concentration of a chemical compound can similarly be used to store information [8]. Since
concentration is a continuous variable, it must be discretized to encode digital data, such that
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Figure 2. Structures of phenols and phenyl acetates. These phenolic compounds and their phenyl acetate products were used
in the present work. A1 and A2, as well as their acetylation products, B1 and B2, were used in preliminary studies of reaction-
basedmultiplication and the first demonstration of image processing on a small greyscale image. A1, A3, A4, A5 and A6 and their
respective phenyl acetate products, B1, B3, B4, B5 and B6, were used in a second demonstration of parallel image processing via
a partitioning method. (Online version in colour.)

the number of concentration levels depends on the number of bits used to represent the data.
For example, defining 2q levels of concentration corresponds to encoding the data in q bits. In
this work, we encode the three-bit or four-bit greyscale colour of a pixel with 8 or 16 levels of
chemical concentration, respectively. The number of levels that can be used in a real experiment
depends on the instruments used to write (liquid handler) and read (GC-MS) chemically encoded
data. To encode image data in molecular concentrations, we employed two phenolic compounds,
phenol, A1, and 2,6-dimethylphenol, A2 (figure 2, top), in our proof of concept studies used
to validate reaction-based multiplication. These were also used in our image processing case
study. Additionally, four substituted phenols, o-cresol, A3, p-cresol, A4, p-propylphenol, A5, and
p-tert-butylphenol, A6 (figure 2, top), were used to store image data in our parallel image
processing case study. The respective acetylation products of these phenols are phenyl acetate,
B1, 2,6-dimethylphenyl acetate, B2, o-tolyl acetate, B3, p-tolyl acetate, B4, p-propylphenyl acetate,
B5 and p-tert-butylphenyl acetate, B6 (figure 2, bottom).

Phenol compounds were selected to encode information based upon their favourable
stoichiometry, or mole ratios, and reaction rates in preliminary experiments (electronic
supplementary material, tables S1 and S2). The ability of phenols to undergo acetylation to
completion results in conserved stoichiometry, which is necessary for performing arithmetic.
Furthermore, a variety of different phenols can undergo acetylation simultaneously with similar
reaction kinetics making parallel arithmetic possible.

(b) Multiplication with acetylation
Acetylation is one of the most common and important reactions in organic chemistry. In cellular
biology, acetylation performs co- and post-translational modification of proteins and is important
for gene expression and cellular metabolism [18,19]. However, in traditional organic chemistry,
acetylation is often used to protect a variety of functional groups, such as alcohols, amines, thiols,
and phenols [20]. Phenol acetylation (figure 3, top) is often favoured by chemists as it is a rather
robust reaction that can tolerate various substituted phenols as inputs and occurs under mild
conditions [21]. When these attributes are coupled with agreeable kinetics, reaction parallelism
and simultaneous computation can be achieved.

In the framework of reaction-based multiplication, the concentration of a phenol compound
is used to encode input data. The multiplication product is determined by the concentration of
the reaction product (phenyl acetate), which represents processed or output data. Assuming the
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Figure 3. Phenol acetylation reaction scheme for reaction-based multiplication. A compound, such as a phenol, that contains Q2

a free hydroxyl group (black) undergoes acetylation by an acetylating reagent. During this chemical reaction, the hydrogen of
the hydroxyl group is replaced by an ester known as an acetate (red). Phenol, A1, and 2,6-dimethylphenol, A2, are acetylated to
phenyl acetate, B1, and 2,6-dimethylphenyl acetate, B2, using acetic anhydride,W. Amultiplication operation occurs in the form
of this reaction where phenols, multiplicands, and acetic anhydride, multiplier, react resulting in formation of phenyl acetate
products in the amounts shown. Here,W is in the range [0 . . . 1], and as result, the product is always less than or equal to the
input. (Online version in colour.)

phenol acetylation reactions proceed to completion, they may be expressed as:

W + A1 + A2 → B1 + B2, (2.1)

where A1 and A2 are two phenol compounds present in a mixture, W is the acetic anhydride
acetylating reagent added to the mixture which initiates the chemical reaction, and B1 and
B2 are the phenyl acetate products formed from reactions W+A1 and W+A2, respectively.
Consequently, the following will also hold true and represents the output or multiplication
product of each reaction:

[B1]f =
[W]o · [A1]o
[A1]o + [A2]o

(2.2)

and

[B2]f =
[W]o · [A2]o
[A1]o + [A2]o

, (2.3)

where [.]o is the initial reactant concentration and [.]f is the final product concentration in
the mixture. In this context, the multiplicand is represented by the concentration of phenol
compound, A2, and the multiplier, W, is represented by the concentration of acetic anhydride or
the common reactant. The mixture of A2 and the auxiliary compound, A1, remains inert until the
addition of acetic anhydride. The addition of acetic anhydride results in two parallel acetylation
reactions. Assuming the rates of these two reactions are similar, the proportion of [W]o reacting
with A2 will be determined by the ratio of the concentrations [A1]o and [A2]o in the mixture. After
the reaction has occurred, the phenyl acetate product, B2, is formed and represents multiplication
of the two concentrations of [A2]o and [W]o. If the concentration of [A1]o is selected such that
[A1]o+ [A2]o= ‘1’, where ‘1’ is themaximum concentration, then [B2]f gives the exact result for the
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Table 1. Results of reaction-based multiplication with phenol acetylation. This table displays expected and measured
stoichiometric equivalents for 2 phenols, phenol,A1, and 2,6-dimethylphenol,A2. Thefirst column is the stoichiometric equation
of the reaction, or the input, and the following four columns display the expected (left) and measured (right) stoichiometric
amounts of the remaining unreacted phenols, [A1] and [A2], and the phenyl acetate products, [B1] and [B2], after addition of
acetic anhydride, or the output. Thesemeasured stoichiometric equivalents are synonymouswith concentration and foundusing
relative GC peak area abundance.

input output (expected)|(measured)
reaction equation A1 A2 B1 B2
1× (0.5A1 + 0.5A2)→ 0.50B1 + 0.50B2 0|0a 0|0.08 0.50|0.48 0.50|0.44

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1× (0.3A1 + 0.7A2)→ 0.30B1 + 0.70B2 0|0a 0|0.10 0.30|0.24 0.70|0.66
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.8× (0.4A1 + 0.6A2)→ 0.08 A1 + 0.12 A2 + 0.32B1 + 0.48B2 0.08|0.02 0.12|0.19 0.32|0.32 0.48|0.47
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.5× (0.4A1 + 0.6A2)→ 0.20 A1 + 0.30 A2 + 0.20B1 + 0.30B2 0.20|0.07 0.30|0.38 0.20|0.24 0.30|0.30
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.5× (0.6A1 + 0.4A2)→ 0.30 A1 + 0.20 A2 + 0.30B1 + 0.20B2 0.30|0.17 0.20|0.17 0.30|0.32 0.20|0.17
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
aNot detectable.

multiplication. In computing systems, the number of bits associated with a data variable controls
the maximum range of data; for example, an 8-bit system, which is typically used for storing
greyscale pixel values, enables a representation of any integer value between 0 (black colour)
and 255 (white colour). In our numerical representation system, ‘1’ represents the maximum
concentration which is associated with 255. That is, we normalize all values in the computational
system by dividing by the maximum value, thereby leading to weights that are less than or equal
to one. Since W is in the range [0 . . . 1], the product is always less than or equal to the input. This
scheme is reasonable for our image processing applications, where many kernels employ weights
that are also less than or equal to one. It remains a future challenge to incorporate negativeweights
for a full [−1 . . . 1] range.

We illustrate an example of multiplication by acetylation of phenol, A1, and 2,6-
dimethylphenol, A2, with acetic anhydride, W, to yield phenyl acetate, B1, and 2,6-
dimethylphenyl acetate, B2, respectively (figure 3, bottom). Equations (2.2a) and (2.2b) represent
this reaction where phenols are the multiplicands and acetic anhydride is the multiplier. To
accomplish this proof of concept study, phenol and acetic anhydride stock solutions were
prepared at 0.1mM in dichloromethane (DCM). Phenol stock solutions included addition of
10% pyridine to aid in solubilization of the reagents. Appropriate volumes of phenol and acetic
anhydride stock solutions were aliquoted into a vial based on the stoichiometric equations
(table 1, column 1). A stoichiometric equivalent of 0.1 translated to addition of 0.1ml of the
respective stock solution. In these experiments, phenols, A1 and A2, were first added in volumes
of 0.3–0.7ml, which corresponds to initial concentrations of 15–40 uM. Acetic anhydride was then
added to the vials in volumes of 0.5–1ml, which corresponds to concentrations of 33 to 50 uM.
A final reaction volume of 1.5–2.0ml resulted depending on the stoichiometric equivalents of
phenols and acetic anhydride. The acetylation reaction and multiplication occurred as the vials
were incubated on a rotary shaker at room temperature for a period of 24 h.

Concentrations of the remaining, unreacted phenol reactants, [A1] and [A2], and phenyl
acetate products, [B1] and [B2], were determined by GC-MS analysis for acetylation reactions
that involved various stoichiometric ratios of W, A1 and A2. GC-MS sample preparation was
performed through removal of an aliquot of 0.1ml from each reaction vial and subsequent
dilution with 1.4ml of DCM to achieve a total volume of 1.5ml. A volume of 1 ul of these
samples was injected into the GC-MS for analysis using a 15-minute temperature ramping
programme from 60°C to 280°C with an initial hold of 2min and an increase of 20°C per
minute. Identification and quantitation of phenols and phenyl acetates was performed by MS
using a mass selective detector (MSD) with GC/MSD MassHunter Acquisition software. The
chromatograms were processed using both MassHunter and Classic ChemStation Data Analysis.
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Figure 4. Error analysis of reaction-based multiplication. (a) Expected and measured concentrations of remaining, unreacted
phenols, [A1] and [A2], and their respective phenyl acetate products, [B1] and [B2], are shown in the form of a scatter plot using
stoichiometric equivalents as ameasure of concentration. (b) A histogramof absolute experimental errors is also displayed,with
error again shown in units of stoichiometric equivalents. (Online version in colour.)

The resulting raw GC peak areas, or abundance, of unreacted phenols and phenyl acetates was
used to calculate their respective measured stoichiometric equivalents (electronic supplementary
material, table S4). These stoichiometric coefficients are mole ratios of the relative amounts of
reactants and products in a chemical reaction. We use these experimentally observed mole ratios
as measures of concentration. Both expected and measured stoichiometric equivalents are shown
for the unreacted phenols and phenyl acetates that were detected after the acetylation reaction
was complete (table 1, columns 2–5).

To minimize errors from the reaction-based multiplication, incubation times were increased
beyond what is typical for an acetylation reaction to ensure reaction completion. Additionally,
acetic anhydride was added with enough excess so that various phenols would act as limiting
reagents as opposed to the acetylating reagent. This approach does not adversely affect
multiplication or formation of phenyl acetates. Consequently, two parallel acetylation reactions
occurred. Relative and absolute errors were determined for this experiment. Relative error can
be determined based upon a scatter plot that displays the linear correlation between expected
and measured stoichiometric equivalents of the unreacted phenols and phenyl acetate products
(figure 4a). Absolute error is shown as a histogram and also uses units of stoichiometric
equivalents (figure 4b).

In general, average per cent error in concentration for the phenyl acetates, B1 and B2,
was found to be 8.54% with a standard deviation of 7.71%. Absolute error was calculated
at 0.028 stoichiometric equivalents with a standard deviation of 0.022 equivalents. Therefore,
concentrations of phenyl acetate products, [B1] and [B2], which represent multiplication products,
were found to be highly accurate and within tolerable errors of their expected values.

(c) Addition by pooling
The previously described acetylation reaction performs multiplication; however, to perform
matrix arithmetic, we need both multiplications and additions. Similar to the multiplication
operations, the addition operations can also be performed in situ. The premise behind chemical
addition is described in our previous work [16], where we show that the mixing of N chemical
solutions results in the volume-weighted addition of their respective initial concentrations ([B]n):

[B]f =
N∑

n=1

V0

Vf
[B]n. (2.4)
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However, here, we transfer equal aliquots (VO) from each of N wells into the pool, resulting
in a total volume of N×VO and a final concentration that is proportional to the sum of all initial
concentrations. The pooling of acetylation reaction mixtures into one vial represents addition. We
use this to quantify the concentrations of phenyl acetates after acetylation-based multiplication
without further volumetric manipulation. In preliminary experiments, this concept was evaluated
using equal aliquots of 1 : 1 stoichiometric reactions of various substituted phenols and the
auxiliary phenol with acetic anhydride and pooling of the resulting phenyl acetate products
(electronic supplementary material, table S3).

(d) Parallel multiply and accumulate
Multiplication with acetylation and addition by pooling are used to perform many multiply-
accumulate (MAC) operations in situ. In a container or vial, each phenol compound represents
a different data point (i.e. pixel intensity). Upon addition of acetic anhydride to mixtures of
phenols, parallel acetylation reactions occur. With each vial containing a stable mixture of M
different phenol compounds, A1, A2, . . . AM, it is possible to represent P partitions of data in
equal sizes using an array of M vials. The resulting chemical solution represents all P data
arrays simultaneously. Addition of an auxiliary compound as a complement is then performed to
implement exact multiplication on these mixed chemical batches. Acetic anhydride is then added
to each vial where the initial concentration of acetic anhydride added to a specific vial is analogous
to the coefficient that is employed as a multiplier for the corresponding image pixel. As the rates
of M+ 1 reactions are similar, this reagent will react with all phenol compounds in the chemical
mixture. The resulting concentrations of phenyl acetate products, [B1], [B2], . . . [BM], represent
the product of the common coefficient or reactant, [W]o, and the initial reactant concentrations,
[A1]o, [A2]o, . . . ,[AM]o, respectively. An appropriate set of phenol compounds was selected based
on the criteria below:

1) Phenol compounds must be stable, inert, and have no cross-reactivity with one another
to allow simultaneous reactions or parallel computations.

2) Each phenol must undergo acetylation by acetic anhydride to completion, so as not to
adversely affect reaction-based multiplication.

3) Phenols must react with similar kinetic profiles to eliminate potential bias toward the
preferential formation of a particular phenyl acetate product.

4) Phenols must exhibit these characteristics in the proposed reaction solvent system and be
compatible with automated liquid handling systems.

If these conditions are met, equal division of the acetylating reagent among all mixed
phenol compounds is ensured. This ultimately allows for accurate and parallel reaction-based
multiplications.

3. Case studies in chemical-based image processing
Digital image processing typically involves a set of convolution operations which are performed
on the input image, section by section, until the entire image is processed. At each convolution
step, weighted summation is performed using the weights of a coefficient matrix known as the
kernel. The resulting value from one kernel position represents the corresponding output image
pixel from that section of the input image. The formulation of image processing convolution for
each step is presented below, where [A](i,j) represents the intensity of the pixel, or concentration
of the respective phenol, in location (i,j) in the input image, [W](k,l) denotes the kernel weight or
acetic anhydride concentration applied in location (k,l) in the K× L kernel, and [B](i,j) is the pixel
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intensity or phenyl acetate concentration in location (i,j) of the output image:

[B](i, j)=
K/2∑

k=−K/2

L/2∑

l=−L/2

[A](i+ k, j+ l) × [W](k, l), (3.1)

Under this premise, the operations required to perform a convolution are multiplication and
addition. Thus, the chemicalMAC operations presented in the ‘ParallelMultiply andAccumulate’
section can be used to carry out this operation.

The convolution kernel, or image filter, determines the values to be multiplied by input image
pixels. In our demonstrations, a 2× 2-pixel averaging kernel and a 3× 3-pixel Gaussian kernel
were implemented. An averaging kernel, composed of values with the same weight, was used in
our first case study resulting in image smoothing from uniform pixel averaging across the image.
The Gaussian kernel, composed of values with variousweights, was used in the second case study
resulting in radial smoothing across the image.

(a) Case study A: using non-parallel averaging kernel
In the first case study, we perform reaction-based image processing without the use of
parallel MAC operations, i.e. in our case, M= 1 and Q= 16, where Q denotes the number of
concentration levels. This case study was conducted to examine the feasibility of our approach
prior to implementing parallel computation with multiple phenols and acetylation reactions. An
averaging kernel, with identical values and weights, was employed as a convolution filter for
simplicity.

A 4× 4-pixel greyscale image of a gradient is encoded by various concentrations of 2,6-
dimethylphenol, [A2], where the concentration of [A2] represents pixel intensity, and the
concentration of the auxiliary compound, phenol, [A1], is used to ensure accurate arithmetic.
In this demonstration, the greyscale image was composed of 16concentration levels, or pixel
intensity values. The concentrations of [A1] and [A2] ranged from 0.05 µM to 60 µM which
results in pixel intensity levels of approximately 4 µM. Each input image pixel was represented
by a 1.5mL vial and contained the two phenols, phenol, A1, and 2,6-dimethylphenol, A2.
Stock solutions of A1 and A2 were prepared at 0.1mM in DCM and 10% pyridine as
diluent. Concentrations of phenols corresponding to the stoichiometric equivalents (electronic
supplementary material, figure S1) were added manually in volumes of 0–0.75ml to prepare the
input image. This resulted in a total volume of 0.75ml in each input image vial after addition of
A1 and A2. Application of a 2× 2-pixel averaging kernel to the encoded image was performed
through addition of acetic anhydride, where the concentration added was equal to the kernel
coefficient, [W], of the corresponding input image pixel. Stock solutions of acetic anhydride
were prepared at 0.1mM in DCM and 0.25ml was added to each input image vial for a total
reaction volume of 1.0ml. This corresponds to an addition of 25 µM of acetic anhydride and
represents application of a kernel coefficient of 0.25. The vials were then placed onto a rotary
shaker and allowed to react at room temperature for 24 h. Multiplication of the input image pixel
by the averaging kernel occurred as the acetylation reaction proceeded forming the products,
phenyl acetate, B1, and 2,6-dimethylphenyl acetate, B2. Addition was realized through pooling
of equal aliquots from the reaction mixtures for the vials associated with each kernel position.
Accordingly, aliquots of 25 ul were removed from processed input image vials and added to
a new vial containing 1.4ml of DCM for a total volume of 1.5ml, which represents an output
image pixel. This procedure was repeated for all kernel positions, or movements, across the 4× 4-
pixel greyscale input image. Prior to analysis, 1 µl aliquots of the output image pixel vials were
removed and diluted with 1.5ml of tetrahydrofuran (THF). The vials that compose the 3× 3-
pixel output image were analysed by GC-MS through injection of 1 µl of the prepared samples.
The same temperature programme and analysis software described in the ‘Multiplication with
Acetylation’ section were employed. The resulting raw GC peak areas were used to calculate the
measured stoichiometric equivalents, or concentrations, of the substituted phenyl acetate product,
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Figure 5. Reconstruction of a small greyscale image after image processing. A greyscale image of a gradient was processedQ2

with acetylation. The pixel intensity is shown for a range of 0 to 0.15 stoichiometric equivalents for phenols and phenyl acetates
on the far left. Darker intensity pixels are represented by fewer stoichiometric equivalents and lighter intensity pixels represent
more stoichiometric equivalents. (a) The input image of a 4× 4-pixel greyscale gradient, where pixel intensity represents 2,6-
dimethylphenol, [A2], concentration. (b) The 3× 3-pixel expected output image, where pixel intensity represents expected
2,6-dimethylphenyl acetate, [B2], concentration. (c) The 3× 3-pixel measured output image from implementation of the
2× 2-pixel averaging kernel via phenol acetylation reactions, where pixel intensity is determined from GC-MS analysis and
the resulting 2,6-dimethylphenyl acetate, [B2], concentrations. (d) The per cent difference between expected and measured
output images, where white indicates low per cent difference and red indicates higher per cent difference corresponding to the
scale on the far right. (Online version in colour.)

[B2], which corresponds to the output image pixel intensity. The processed output image was
reconstructed based on these measurements in silico. An overview of this method can be seen in
figure 1 in the ‘Introduction’ section.

Expected concentrations of phenyl acetates for the output image have been calculated based
on conserved stoichiometry. Measured concentrations of phenyl acetates were obtained as raw
GC peak areas from GC-MS analysis. These areas were converted to stoichiometric equivalents,
or mole ratios, which were then compared to the expected values (electronic supplementary
material, table S5). The expected input image was generated in silico based on expected
stoichiometric equivalents of 2,6-dimethylphenol, [A2] (figure 5a). The expected output image
was based on expected stoichiometric equivalents of 2,6-dimethylphenyl acetate, [B2] (figure 5b).
The measured output image was also reconstructed in silico using the measured concentrations
obtained through GC-MS of 2,6-dimethylphenyl acetate, [B2] (figure 5c). Per cent difference
between the expected and measured output images was then calculated (figure 5d), where per
cent difference ranged from 2.08 to 32.72% with an average per cent difference of 17.58%.

The measured concentration of 2,6-dimethylphenyl acetate, [B2], was converted from raw GC
peak areas to mole ratios and assessed in stoichiometric equivalents to determine error in our
reaction-based image processing approach. Relative error in concentration can be determined
based upon a scatter plot that displays the linear correlation between expected and measured
stoichiometric equivalents of phenyl acetate, [B1], and 2,6-dimethylphenyl acetate, [B2] (figure 6a).
Absolute error in concentration is shown in the form of a histogram, also in units of stoichiometric
equivalents (figure 6b). Overall, the average per cent error per pixel was determined to be
24.89% with a standard deviation of 14.98%. The average absolute error was found to be 0.036
stoichiometric equivalents with a standard deviation of 0.025 equivalents.

(b) Case study B: using parallel Gaussian kernel
The second reaction-based multiplication demonstration involves the use of simultaneous MAC
operations performed by parallel acetylation reactions, i.e. M= 4, Q= 8. With this approach, a
greyscale image of a plus sign is effectively blurred using a Gaussian kernel. Gaussian filters are
the most widely used smoothing filters and are frequently employed in image enhancement. In
contrast to uniform pixel averaging or image blurring, this filter blurs the input image in a radial
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Figure 6. Error analysis of image processing case study. (a) Expected and measured amounts of phenyl acetate, [B1] and 2,6-
dimethylphenyl acetate, [B2], are shown in the form of a scatter plot using stoichiometric equivalents. (b) A histogram of
absolute experimental errors in phenyl acetate concentration is also displayed, with error again shown in units of stoichiometric
equivalents. (Online version in colour.)

select image
input image pad and partition overlay image quadrants

border–handling superimpose

Figure 7. Preparation of a greyscale image for parallel image processing. This scheme shows the selected 4× 4-pixel greyscale Q2

input image of an asymmetric plus sign (left). The input image is then padded and partitioned prior to encoding in phenol
compounds to create an 8× 8-pixel input image (middle). This practice ensures accurate processing of pixels located along the
borders of the image partitions. The four 4× 4-pixel image quadrants are then superimposed to allow parallel processing of
the four image quadrants (right). The dashed blue box is shown in each of the three preparation steps and highlights the lower
right quadrant of the original input image as it is padded, partitioned and superimposed. (Online version in colour.)

fashion. Important use cases of this kernel include noise suppression and feature extraction [22].
Additionally, a lack of negative weights make this image filter an attractive option for exploring
the area of chemical computation.

We implement a zero padding and partitioning technique that allows parallel processing of
image partitions simultaneously. In our demonstration, the 4× 4-pixel greyscale input image is
padded to account for the processing of image borders, or boundaries, between image partitions.
This results in a padded 8× 8-pixel input image, which is then divided into four 4× 4-pixel
quadrants (figure 7).

Each image quadrant is represented by a different substituted phenol, o-cresol, A3, p-cresol,
A4, p-propylphenol, A5 and, p-tert-butylphenol, A6, and thus, can be superimposed. Parallel
acetylation reactions occur with these phenols upon addition of acetic anhydride resulting in
parallel computation at four times the standard throughput (figure 8).

To apply a Gaussian kernel to a chemically encoded greyscale image, a simple addition of a
concentration of acetic anhydride equal to the kernel coefficient of the corresponding chemical
input pixel is performed. As such, the utilization of the image processing smoothing filters
suits both our computing purposes and experimental design. To further simplify the process of
applying kernel weights chemically using standard resolution pipettes, the values of the kernel
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Figure 8. Overview of parallel image processing using chemical reactions. This scheme shows the workflow for parallel imageQ2

processing using chemical reactions which involves mixtures of phenol compounds and simultaneous phenol acetylation. In
step 1, the 4× 4- pixel superimposed image quadrants of the padded and partitioned 8× 8-pixel input image are encoded
using various concentrations of phenols. Darker pixel intensity corresponds to lower concentrations of phenols and lighter pixel
intensity corresponds to higher concentrations of phenols. Each phenol represents one quarter of the image by o-cresol (green),
p-cresol (black), p-propylphenol (red) and p-tert-butylphenol (blue). The auxiliary compound, phenol, is not shown here as it
is used as a complement to ensure exact arithmetic. The four 4× 4-pixel image quadrants are superimposed through chemical
mixtures of phenols in one vial or input image pixel. In step 2, the 3× 3-pixel Gaussian kernel, shown in the orange box, is
applied one position at a time through acetic anhydride addition for simulation of image processing via a convolution filter. In
step 3, equal aliquots of the resulting phenyl acetates, o-tolyl acetate (green), m-tolyl acetate (black), p-propylphenyl acetate
(red) and p-tert-butylphenyl acetate (blue), are pooled from the input image vials associated with each kernel position into a
new vial representing an output image pixel of the superimposed image quadrants. In step 4, these vials are analysed using the
GC-MS to obtain the output image pixel intensity which is represented by the phenyl acetate concentration. The output image
is then reconstructed in silico from the values of phenyl acetates measured during analysis and superimposed image sections
are separated with each phenyl acetate representing one image quadrant. (Online version in colour.)

matrix are approximated before implementation. In Gaussian kernels, this practice leads to subtle
changes in the kernel matrix such that the kernel does not sum to 1. Convolution filters used in
image processing for blurring should equal 1 as this maintains the mean of the image values.
Therefore, all experimentally obtained values are normalized to the overall value of the kernel,
which in our experiments is 0.96. Parallel computation is achieved when the phenol acetylation
reactions are complete.

The encoded input image data is first written to vial cassettes with various concentrations
of phenols, [A3], [A4], [A5] and [A6], using liquid handling robotics. The superimposed input
image pixels were each represented by a 1.5ml vial that contained the four phenols, where
each phenol depicts a different input image quadrant. In this demonstration, the greyscale input
image was composed of 8 concentration levels, or pixel intensity values. The concentrations
of [A3], [A4], [A5] and [A6] ranged from 270 to 530 uM which results in pixel intensity levels
of approximately 40 µM. These concentration levels may seem arbitrary, however, this range
translates to volumetric transfers in amounts of 0.1 to 0.2ml. When this volume range is divided
into 8 equal levels, each 14 ul increment corresponds to a pixel intensity level of approximately
40 µM. This was done to simplify image encoding performed by a liquid handling robot. All
stock solutions of phenols were prepared at 4M concentration in propionitrile with 10% pyridine.
First the phenols, A3, A4, A5 and A6 were added to each overlaid input image vial in amounts of
0.1–0.2ml. The auxiliary compound, A1, was added last to allow all input image vials to contain
0.8ml in total volume. Image processing by kernel application via acetic anhydride addition
was then performed manually. A 3× 3-pixel Gaussian kernel was used with each vial cassette
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containing 6 kernel positions composed of 9 Gaussian kernel weights, [W], for a total of 54 vials
per cassette. The 9 Gaussian weights consisted of repeating weighted values of 0.24, 0.12 and 0.06
(figure 8, step 2). Three comparable acetic anhydride stock solutions were prepared to simulate
these weighted kernel values at 7.74, 3.89 and 1.93M in propionitrile and correspond to kernel
weights of 0.24, 0.12 and 0.06, respectively. The appropriate acetic anhydride stock solutions were
added in amounts of 0.2ml to each overlaid input image pixel vial resulting in a final reaction
volume of 1.0ml for all vials. The entire vial cassette was then placed on a rotary shaker and the
acetylation reactions proceeded at room temperature over the course of 24 h. All four phenols that
represent the input image data (A3, A4, A5 and A6) in each vial undergo simultaneous acetylation
resulting in the formation of o-tolyl acetate, B3, m-tolyl acetate, B4, p-propylphenyl acetate, B5,
and p-tert-butylphenyl acetate, B6 and parallel reaction-based multiplication.

Pooling of equal volumetric fractions from vials of one kernel position into a new vial
representing the output image pixel was then performed to represent addition in the MAC
operations. A 10 µl aliquot of each input image vial in one kernel position was pooled into a
new vial containing 1.41ml of THF for a total volume of 1.5ml. This procedure is repeated
for each kernel position, or movement, until the entire processed input image has been pooled
into respective output image vials. This resulted in a 2× 2-pixel output image composed of
four overlaid 2× 2-pixel image quadrants (electronic supplementary material, figure S2). Prior
to analysis, an inert internal standard was added to each output image vial to normalize
the measurements and account for instrumental variation. A stock solution of butylated
hydroxytoluene (BHT) was prepared at a concentration of 0.1M in propionitrile. A working
solution was then prepared by diluting this stock using THF to a concentration of 266 µM. A
1 : 10 dilution of the output image vials was performed with this working solution allowing the
final concentration of BHT in the GC-MS samples to be 239 µM. Output image vials containing
the internal standard were then analysed by GC-MS (electronic supplementary material, figure
S3) through injection of 1 µl of these solutions. The same temperature programme and analysis
software described in the ‘Multiplication with Acetylation’ section were employed. The resulting
raw GC peak areas for each phenyl acetate were compared to calibration curves (electronic
supplementary material, figure S4 and table S7) to determine phenyl acetate concentration for
[B3], [B4], [B5] and [B6], or output image pixel intensity. The image partitions were then separated
and reconstructed based on concentration, or intensity levels, in silico to form the final 4× 4-pixel
output image. RawGCpeak area, or abundance, was used to calculate the concentration of phenyl
acetates, which was then converted to stoichiometric ratios (electronic supplementary material,
table S6).

The expected input image and output image were generated in silico based on expected
stoichiometric equivalents of substituted phenols, [A3], [A4], [A5] and [A6] (figure 9a), and their
phenyl acetate products, [B3], [B4], [B5] and [B6] (figure 9b), respectively. The output image for
this case study was also reconstructed in silico using the measured concentrations of substituted
phenyl acetates, [B3], [B4], [B5] and [B6] (figure 9c). Per cent difference between the expected and
measured output images was then calculated (figure 9d), where per cent difference ranged from
0.41 to 25.64% with an average per cent difference of 6.56%.

Errors were evaluated when performing reaction-based multiplication for parallel
computation. The measured concentrations of the phenyl acetates, [B3], [B4], [B5] and [B6],
obtained by GC-MS were assessed in stoichiometric equivalents to reconstruct the measured
output image. Additionally, an internal standard, BHT, was added to each vial prior to GC-MS
analysis in a fixed concentration to allow normalization of phenyl acetate peak areas and
instrumental response. This practice accounts for errors due to instrumental variability during
analysis of samples assessed on the same day (intra-) and on different days (inter-). Relative
error in concentration can be determined as a scatter plot that compares the experimental
measurements of phenyl acetates, [B3], [B4], [B5] and [B6], to the expected values and is shown
with stoichiometric equivalents (figure 10a). Absolute error in concentration is shown in the form
of a histogram, also in units of stoichiometric equivalents (figure 10b). In general, the average
per cent error per pixel was calculated at 6.35% with a standard deviation of 6.57%. The average
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Figure 9. Reconstruction of a small greyscale image after parallel image processing. A 4× 4-pixel greyscale image of anQ2

asymmetric plus sign was processed with acetylation. The image was padded to form an 8× 8-pixel input image which was
then partitioned into four 4× 4-pixel quadrants that were superimposed and is not shown here. The pixel intensity is shown
on the far left for a range of 0 to 0.20 stoichiometric equivalents for phenols and phenyl acetates. Darker intensity pixels are
represented by fewer stoichiometric equivalents. Conversely, lighter intensity pixels represent more stoichiometric equivalents.
(a) The 4× 4-pixel expected input image, where pixel intensity represents phenol concentration. Each 2× 2-pixel quadrant
represents a different substituted phenol, [A3], [A4], [A5] and [A6]. (b) The 4× 4-pixel expected output image, where pixel
intensity represents expectedphenyl acetate concentration. Each 2× 2-pixel quadrant represents a different substitutedphenyl
acetate, [B3], [B4], [B5] and [B6]. (c) The 4× 4-pixel measured output image from implementation of the 3× 3-pixel Gaussian
kernel via phenol acetylation reactions, where pixel intensity is determined from GC-MS analysis and the resulting phenyl
acetate concentrations, [B3], [B4], [B5] and [B6]. (d) The per cent difference between expected and measured output images,
where white indicates low per cent difference and red indicates higher per cent difference corresponding to the scale on the far
right. (Online version in colour.)

(a) (b)stoichiometric amount stoichiometric amount

expected (mol mol–1) absolute error (mol mol–1)

m
ea

su
re

d 
(m

ol
 m

ol
–1

)

co
un

t

0.12

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0.140.13 0.170.160.15 0 0.01 0.02 0.03

B3
ideal

B4
B5
B6

0

2

4

10

8

6

Figure 10. Error analysis of parallel image processing case study. (a) Expected and measured amounts of phenyl acetates,
[B3], [B4], [B5] and [B6], are shown in the form of a scatter plot using stoichiometric equivalents. (b) A histogram of absolute
experimental errors is also displayed for all phenyl acetate concentrations, with error again shown in units of stoichiometric
equivalents. (Online version in colour.)

absolute error was found to be 0.008 stoichiometric equivalents with a standard deviation of 0.008
equivalents. These values were much improved from the first image processing case study and
show use of fewer concentration, or pixel intensity, levels and inclusion of experimental controls,
such as internal standards, can improve reaction-based chemical computing.

4. Discussion
In this work, we propose the use of the acetylation reaction to perform the matrix multiplications
involved in image processing. Our reaction-based processing approach has advantages over
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other demonstrations of information processing by chemicals. Most of these studies involve
oscillating reactions, and are used in applications for memory and pattern recognition.
Reported efforts have successfully shown that chemical computers are programmable and
can perform complex classification while tolerating high levels of noise. However, many of
these experiments involve oscillator-based computing which is limited by weak interactions,
development of non-synchronous phases and narrow windows of computational readout with
no clear beginning or end to the reaction [23,24]. The reaction–diffusion processes associated
with these computations can also require the use of droplets, where size and composition
must be controlled [25]. Although microfluidic devices could improve these experiments, the
related techniques are difficult and more demanding than the acetylation reaction employed in
this work. In comparison, we adopt a more practical approach that uses chemical reactions to
implement the multiplication operation on many chemical species. Additionally, several levels of
concentration are used to represent multi-bit storage per vial, which allows for higher resolution
computation. This is an improvement over our previous work which uses binary concentration
levels and performs multiplication and weighted summation by volumetric fractions of non-
reactive chemical solutions for image classification [16]. Notably, we use a fundamental chemical
reaction and straightforward experimental set-up for computing multiplications and additions.
The demonstrations presented here expand upon current applications of computing with
chemical mixtures and suggest acetylation reactions as a more easily attainable option for
chemical information processing. Both phenols and their phenyl acetate products can be used
as inputs in subsequent chemical transformations, which could allow development of multi-
layered chemical circuits [26–29]. Additionally, acetylation is familiar to most chemists for the
protection of functional groups [30] and is important in cellular biology for the modification of
proteins [31].

Although we have presented a practical application for chemical computing, several
limitations of our approach exist. Various sources of error were identified and largely attributed to
the manual dispensing or automated dispensing by liquid handling equipment and the analytical
instrumentation adopted for this work, rather than the reaction-based multiplication. Small
volumes of phenol stock solutions were dispensed manually or by an automated pipetting robot
using standard resolution pipettes to encode input images. Manual pipetting led to an average
of approximately 6% error per input image pixel, whereas automated pipetting was determined
to have an average approximately 4% error per pixel (data not shown). Inaccuracies with these
measurements were propagated throughout the demonstration. Ultimately, these errors impacted
the amounts of phenyl acetates formed and subsequent reconstruction of output images via
instrumental analysis. We use the GC-MS for detection and quantitation of the phenyl acetate
multiplication products. However, the GC-MS is constrained in its ability to differentiate among
the narrow pixel intensity levels chosen for our case studies. The analytic and quantitative power
of the GC-MS does not always extend to such limited concentration ranges. The combined
effect of the limitations of the equipment and analytical instrumentation results in moderate
errors with output pixel measurement. However, we have addressed these experimental issues
as is evidenced by the decrease in error between the two image processing case studies. In
this work, we observed approximately 25% error per pixel in the image processing case study
involving an averaging kernel and approximately 6% error per pixel in the parallel image
processing case study involving a Gaussian kernel. The former employs 16 levels of concentration
or pixel intensity, that are encoded manually, while the latter uses 8 much broader levels of
concentration that are encoded via automation. This practice can remedy inaccuracies associated
with manual and automated dispensing and instrumental analysis. Additionally, the parallel
image processing case study incorporates experimental controls, such as internal standards, and
can further reduce errors from intra- and inter-day instrumental variation. This leads to more
accurate phenyl acetate analysis and pixel intensity level designations with respect to output
image reconstruction. There is also potential for reduction of error beyond what was attempted
in our case studies. Larger deviations in the output image are noted in pixels corresponding
to lower concentrations of phenyl acetates. Therefore, the concentration range of phenols used
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for encoding input images could be shifted to obtain greater amounts of phenyl acetates after
processing with acetic anhydride. This could improve our approach as errors introduced during
manual or automated pipetting and analysis would have less impact on reconstruction of output
images.

The MAC operations executed in this work via phenol acetylation and pooling represent a
set of chemical computations involved in image processing. These computations can be scaled
spatially with use of many vial cassettes to increase image size. Furthermore, the partitioning
technique employed here allows for parallelized chemical computation resulting in additional
increases to image size and computational throughput. Here, we use one vial cassette to represent
a padded 8× 8-pixel input image, which is partitioned into four superimposed 4× 4-pixel
quadrants and represented by four unique phenols. However, theoretically, a larger greyscale
image, such as a padded 24× 24-pixel input image, could be partitioned into four superimposed
12× 12-pixel quadrants by using 18 vial cassettes and the same four phenols. This amounts to
an increase in image size of threefold. Furthermore, greater numbers of phenols could be used
to increase the amount of image partitions. For instance, nine different phenols can represent
nine superimposed image partitions. In the aforementioned example, if each phenol represents
a 12× 12-pixel section of the image, this translates to an additional increase in image size
and computational throughput of approximately 2-fold. The premise of synthesizing multiple
products from a mixture of reagents in a single reaction is the basis of combinatorial chemistry
and is frequently used to build chemical libraries containing tens of thousands of compounds
[32]. Typically, the application of in solution combinatorial chemistry is limited as cross-reactivity,
deconvolution, and purification of products can be problematic [33]. However, this concept is
viable for our purposes as phenols are inert and only stoichiometry and kinetics would need
to be examined since we are primarily concerned with formation, detection, and quantitation
of products. Temporal scaling can also be decreased by as much as fourfold, considering the
acetylation reaction is complete after only 6–8 h as compared to the 24-h incubation period
adopted for this work. Therefore, our approach to chemical image processing can be extended
both spatially and temporally beyond the demonstration implemented in this work without
sacrificing accuracy.

In future undertakings, compatibility of this experimental framework with more high-
throughput liquid handling robots can be investigated. For example, acoustic liquid handling
instruments can perform volumetric transfers on a smaller scale and at a markedly increased rate
when compared to the automated pipetting robots used during our reaction set-up. Additionally,
these instruments have increased precision and accuracy since acoustic waves are used to
manipulate small droplets of stock solutions. This circumvents the limitations imposed by the
standard resolution pipettes our robot employs. This type of automated instrumentation can also
be coupled to in-line analytics, such as with MS detectors. MS can not only identify, but also
quantify amounts of phenols and phenyl acetate products without chromatographic separation,
which is another limitation observed in our workflow. Even with use of the GC-MS, previous
studies report detection and quantitation of 1550 chemicals in one analysis [34]. This could
allow substantial increases in amounts of phenols used to encode input image data, thereby
enabling many more image partitions than we have described here. Incorporation of these
concepts could limit reagent consumption, costs, and timewhile allowing larger image processing
demonstrations to be realized. As previously discussed, in solution combinatorial chemistry has
the potential to generate tens of thousands of small molecules from a mixture of reagents in a
single reaction. A group from Glaxo has reported synthesis and analysis of a library of amides
from mixtures of 80 acid chlorides and amines [35]. To illustrate these points, there are almost
400 phenols that are commercially available. Using only a quarter of these phenols to represent
image partitions could lead to an increase in image size and computational throughput of 25-fold.
Although not all of these reagents would adhere to the chemical criteria required for reaction-
based computation and the amounts of reagents would be nearing the reported maximums, this
proposition is theoretically possible with experimental validation. Additionally, acoustic liquid
handling robots, such as the Echo® series by Labcyte, can perform up to 750 000 high precision
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volumetric transfers per day with lower error rates than tip-based technology. By making use of
the available reagents and these robotic systems, demonstrations of chemical image processing
have the potential to increase image size and computational throughput by several orders of
magnitude.

Although initial attempts at chemical computation largely involve DNA-based methods
[3–7], to perform these experiments, the reagentsmust bemethodically designed and synthesized.
By contrast, the reagents used in this work are commercially available and undergo a simple
transformation to represent multiplication, the foundation of matrix operations. This type of
in chemico computing can be performed under mild conditions and employs common analytical
instrumentation that is familiar to most bench scientists. With these conditions in mind, we
believe chemical computing involving solution-based chemical reactions is a more feasible
approach. Moreover, acetylations of anilines and thiols could serve as an alternative to phenol
acetylation, as these reactions are mechanistically similar and thus, could also display reaction-
based multiplication [36,37]. Therefore, one of the most compelling prospects of our approach
involves its potential for use with cascaded operations. The products of acetylation reactions
(phenyl acetates, phenyl acetamides and phenyl thioesters) can serve as the inputs for a
number of chemical transformations [27–29,38,39], which ultimately enable sequential, layered
computations. In this regard, our work lays the foundations for the next generation of chemical
computing systems.

5. Conclusion
In summary, we have shown that chemical reactions can be used to process information in the
form of greyscale images. Chemical transformations, like simplistic protection group chemistries,
can be exploited to perform arithmetic and be extended for use in complex computations, such
as matrix multiplication. In this work, MAC operations were demonstrated by reaction-based
multiplication through the phenol acetylation reaction and addition was performed by pooling,
or the combination of equal aliquots of reaction mixtures. Preliminary experiments confirmed
that this framework could be used to simulate the MAC operations employed for kernel-based
image processing. Two small greyscale images were processed with chemical reactions applying
either an averaging or Gaussian kernel in our demonstrations. With this method, output images
from the two image processing case studies were reconstructed. Additionally, this work applies
the phenol acetylation reaction for image processing and is the first of its kind among many
examples of image classification. Furthermore, we show that reaction-based multiplication is a
viable option for in chemico image processing. It is our hope that this premise will be expanded
upon as robotic technology evolves and aid in the future development of chemical computing
systems.
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