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Abstract

The Block Copolymer Database (BCDB) is a platform that allows users to search, submit,
visualize, benchmark, and download experimental phase measurements and their associated
characterization information for di- and multi-block copolymers. To our knowledge, there is no
widely accepted data model for publishing experimental and simulation data on block copolymer
self-assembly. This proposed data schema with traceable information can accommodate any
number of blocks and at the time of publication contains over 5,400 block copolymer total melt
phase measurements mined from literature and manually curated and simulation data points of the
phase diagram generated from self-consistent field theory that can rapidly be augmented. This
database can be accessed on the Community Resource for Innovation in Polymer Technology
(CRIPT) web application and the Materials Data Facility. The chemical structure of the polymer
is encoded in BigSMILES, an extension of the Simplified Molecular-Input Line-Entry System
(SMILES) into the macromolecular domain, and the user can search repeat units and functional
groups using SMARTS search syntax (SMILES Arbitrary Target Specification). The user can also
query characterization and phase information using the Structured Query Language (SQL) and

download custom sets of block copolymer data to train machine learning models. Finally, a



protocol is presented in which GPT-4, an Al-powered large language model, can be used to rapidly
screen and identify block copolymer papers from literature using only the abstract text and
determine whether they have BCDB data, allowing the database to grow as the number of
published papers on the world wide web increases. The Fl-score for this model is 0.74. This

platform is an important step in making polymer data more accessible to the broader community.

1. Introduction
The rich and elaborate phase behavior of block copolymers, composed of at least two
chemically distinct polymeric blocks, has attracted extensive interest in applications including

2 surfactants,® photovoltaics and fuel cells,* asphalt modifiers,> ¢ adhesives,’

drug delivery,"
thermoplastic elastomers (TPEs),® and lithography.’ It is well-known that block copolymers can
microphase separate into periodically arranged spheres, cylinders, lamellar, and gyroid structures
in order to minimize unfavorable energy contacts between thermodynamically incompatible
blocks.!%!6 It is critical that models accurately predict the phase formed so that scientists and
engineers can design and manipulate phases with a minimal experimental burden.

To address this need, physics-based mean-field modeling and self-consistent field theory
(SCFT) apply coarse-grained approaches to predicting the equilibrium and non-equilibrium
thermodynamics that drive phase behavior. In these theories, four parameters govern phase
behavior: the incompatibility between blocks, volume fraction, polymer architecture, and size. For
models of simple AB diblock copolymer melts, these parameters are captured by the Flory-
Huggins y quantifying monomer incompatibility, volume fraction of a single block, f,, number of
statistical segments, N, and Kuhn segment lengths of both blocks, b, and bg. Despite a number of

10-16

seminal advances and impressive success at making qualitative predictions and providing

physical insight into the design of systems, coarse-grained theories remain unable to quantitatively



predict the variation between different block copolymer systems as chemistry is changed.
Asymmetry in experimental phase diagrams often cannot be predicted accurately, and y is a
difficult phenomenological parameter to accurately determine, showing a complex dependence on
temperature, composition and chemistry.!’?° One approach to overcome these shortcomings
would be to combine data-driven models with theory-driven models in order to improve predictive
capability.

Data-driven modeling in materials science and materials informatics shows great promise
due to the exponential growth in published data from experiments and simulations and the proven
ability for machine learning models to advance theory and simulation, property prediction in soft
matter, and materials design.?!*! There are several notable polymer databases that have substantial
volume. These include the Materials Data Facility,*> 3* PoLyInfo,** Polymer Property Predictor
and Database,*® NanoMine,*® Chemical Retrieval on the Web (CROW),?” and Polymer Genome.*®
Data has also been published in several textbooks and handbooks.**** Furthermore, a
comprehensive user-friendly polymer representation system to log polymer characterization data
has recently been developed.**

However, consolidating accurate, precise, and properly contextualized experimental
information from literature into a polymer database for data-driven modeling remains challenging.
While decades of block copolymer research have led to an impressive assemblage of experimental
knowledge, its diffuse state in literature currently makes the consideration of data-driven modeling
approaches difficult. Automated extraction and natural language processing from polymer
literature are difficult because data tends to be in many formats that are not easily machine-
accessible. Moreover, manual extraction is laborious, time-intensive, and prone to mistakes. Even

with robust methods for extracting data, measurement context and raw data are not often published,



imposing barriers to model-building and benchmarking against literature data.*>*’ In response to
the challenges of consolidating data, high throughput computational data generation has become

instrumental to model building,>* 48

and ingenious approaches to generative models have
emerged.* Though models trained on these types of data can provide valuable insights, large
collections of experimental measurements are invaluable to accelerating innovation in materials
informatics.

To address these challenges, experimental data has been mined and consolidated for block
copolymer melts from approximately 130 peer-reviewed journal articles into a single platform
called the Block Copolymer Database (BCDB). While the database focuses on diblocks to build a
critical mass of data, expandability to multiblocks (triblocks, tetrablocks, hexablocks,
undecablocks) is demonstrated. The mining process is described in Section 2.1, and a
comprehensive data schema with traceable information is presented to organize experimental and
simulation information. Challenges are addressed related to quality control, lack of measurement
context, inference of missing information, and crowdsourcing that will be valuable towards future
database construction in polymer informatics. This platform is designed so that scientists and
engineers can submit phase behavior data with quality control when they publish, view updated
copies of the database, quickly visualize and download, benchmark their own experiments, and
compare and validate physics and chemistry-based models.

First, the construction of the database is described, including how chemistry,
characterization results, and phase information is logged. Then, the contents of the database at the
time of publication are described. A method is introduced to accurately search stochastic polymer

graphs complemented with SQL so that the user can search and visualize the data by chemistry,

characterization, and structure measurements. Finally, a protocol is introduced that uses GPT-4 to



rapidly screen papers using the abstract text and determine if the paper has data that can be added
to BCDB, allowing the database to grow at scale as the number of published papers increases.
Though this database stores information for block copolymer melts at the time of publication, the
database schema was designed to be flexible so that it can potentially expand to store information

for more complex systems, as mentioned in the Discussion.
2. Methods

2.1. Data Curation
The BCDB was constructed by manual extraction of block copolymer phase behavior data
from the literature. At first, the search was restricted to pure diblock copolymers (no additives or
blends with solvent, homopolymers, or nanoparticles), with functionality later added to
accommodate multiblock copolymers. Data was extracted from comprehensive and well-cited
works from research groups studying the experimental self-assembly of block copolymers,
predominantly in the polymer physics and materials science communities, using scholarly
literature search engines like Google Scholar and Web of Science (rather than solely focusing on
citations and research group, the authors relied on domain knowledge to determine whether the
data was credible). However, these works tended to focus on a relatively narrow space of polymer
chemistry. Therefore, a concerted effort was subsequently made to expand the chemical diversity
of the database by combing the literature for less-studied systems (Figures 1-3 in Section 2 reveal
the breakdown in phase measurements, characterization, and chemistry). Most publications in this
database contain a relatively low density of phase behavior data but focused on chemistries that
are much less studied. From these articles, data entries are extracted from tables, text, and figures.
Each entry in the database must contain the block copolymer chemistry, overall number-

average molar mass (M,,), the volume fraction of the blocks, temperature, and one or two measured



phases for points within a single-phase region or on a phase boundary, respectively. Molar masses
were accepted from measurements using membrane osmometry, light scattering, size exclusion
chromatography (SEC) or gel permeation chromatography (GPC), and nuclear magnetic resonance
(NMR) spectroscopy. Volume fraction is usually calculated and published in the articles using the
measured individual block molar masses and specific volumes of homopolymers. Microdomain
structures are most commonly deduced and analyzed through small-angle X-ray or neutron
scattering (SAXS or SANS), transmission electron microscopy (TEM), and rheology. It was
assumed that the appropriate measurement techniques were employed for determining polymer
characterization and phase behavior, and the methods are logged in the database for the user;
hence, characterization data were not modified during extraction.

50, 51 and

Data collected from X-ray and neutron scattering, depolarized light scattering,
rheology are often acquired for the same polymer as a function of temperature, imparting structure
to the overall data set where there are clusters of data points with the same M,, and f, at varying
temperature, enabling rapid exploration of wider ranges of parameter space. For example, in
rheological or depolarized light scattering temperature scans, changes in morphology are generally
accompanied by changes in mechanical or optical properties during heating or cooling, which can
signify an order-to-order or order-to-disorder (ODT) transition. These scans and scattering
experiments can sometimes reveal the coexistence of ordered and disordered structures (depending
on the temperature resolution and molar mass distribution). Importantly, only data from the
heating curves is extracted because for phase transitions, in particular the ODT, heating or melting
a phase is expected to yield an ODT value closer to the true value, in contrast to the cooling cycle

which often exhibits significant supercooling due to high nucleation barrier to form ordered

phases.



Extracting data from figures is a crucial step towards building the database. Though many
articles report temperature scans of scattering measurements, much of the data is extracted from
rheology curve figures due to the large number of rheological measurements reported for each
chemistry. Data is extracted from scan images using WebPlotDigitizer.> A scatter plot image is
uploaded, axes are calibrated, points are classified by phase, and the data is downloaded and added
to the database. Transition regions are all data points in the temperature range in which the
mechanical or optical properties change, though there must be evidence from other techniques that
this in fact a transition region for the data to be accepted into the database. If data points in a figure
are too close to discriminate by temperature because temperature increments are below 1 °C, then
temperatures are logged in increments of 1 °C from the minimum to the maximum temperature in
the plot. Though initially data extraction from images was done manually, it is anticipated that
automated data mining systems from scatter plots®® and other data charts will be crucial, and
training these algorithms to associate sets of data in temperature scans with phases and
characterization information in the text will have invaluable impact. However, this will require
domain knowledge of the system studied.

From sources other than rheology, the relationship between the data and the temperature
can be more complex because measurements are often not performed in situ. When the
measurement temperature at which the morphology observation was conducted is reported, this
temperature is logged. The annealing temperature, the temperature usually just below the ODT
and above the glass transition temperature, can also be logged. As block copolymer morphologies
are known to reconstruct in directed self-assembly applications in thin films, only bulk

morphologies are reported.



For many studies, one or more of the parameters required for the database are not directly
reported but may be inferred from reported data. In particular, many M,, and f, values are inferred
because many articles do not explicitly report this information. If the dispersity (P) and mass
average molar mass are reported (M,,), then number average molar mass (M,,) can be computed
as:

M
Mn =g 0

If the mass fraction (w;) and the homopolymer density (p;) for block i are reported, then the volume

fraction for any arbitrary block 7 in an n-block chemistry is:
Wi
fi= s @
Yn (m)

In Equation 2, the densities that are not reported in the article are extracted from the Polymer
Database. (it is assumed that density is weakly dependent on temperature, and thus densities
extracted from the Polymer Database are not always at the same temperature at which the melt
phases are examined).’” In the future, densities could also be estimated using group contribution
theory for polymers not available in the database.*’ Furthermore, if the overall number of segments
N are reported along with a reference volume v,, with the default set to 100 A® per segment

(noted in the notes column), then for any n-block melt:
M, = erefNAvg Z(pnfn) 3)
n

where Nyy,q is Avogadro’s number.

BCDB can also supports computational, simulation, and theoretical data, with extra
columns for parameters that describe blocks like the statistical segment length and for parameters
that describe block interactions like the Flory-Huggins interaction parameter. Self-consistent field
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theory can be used to predict the phase behavior of a block copolymer melt as a function of the
volume fraction and segregation strength yN, where y is the Flory-Huggins interaction
parameter.'® Over 100 data points of the transition boundaries of the phase diagram have been

generated and input into BCDB, but more data points can rapidly be generated and added.



2.2. Data Schema

Table 1. BCDB Data Schema
Category Column Meaning Data Type or
Units
Quality Control ORCID digital identifier for article authors string
ORCID sub digital identifier for submitter string
DOI digital object identifier for article string
System phase dictionary of phases string
phase method method for phase measurement string
T temperature for visualization Celsius
T meas measurement temperature Celsius
T anneal annealing temperature Celsius
T alt alternate or inferred temperature Celsius
T describe description of T alt string
notes notes from article or logger string
Overall Polymer # BigSMILES structure notation with end groups string
Mn number-average molar mass g/mol
Mw mass average molar mass g/mol
D dispersity double
N number of segments double
chiN segregation strength double
Individual Block name dictionary of abbreviations string
Mn number-average molar mass g/mol
Mw mass average molar mass g/mol
D dispersity double
N number of segments double
b statistical segment length double
f volume fraction of individual block double
f tot total volume fraction in multiblock double
W mass fraction double
rho density g/mL
Uncertainty ° std standard deviation double
se standard error double
unc_other alternate uncertainty metric double

unc_description  description of alternate uncertainty metric

string

® For entries Mn through N in the “Overall Polymer” category and Mn through rho in the

“Individual Block™ category, there is a method entry. ® For every quantitative column in the

database, there are four uncertainty columns.
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Table 1 displays a list of all columns in BCDB categorized into quality control, system,
overall polymer, and individual blocks. The submitter’s Open Researcher and Contributor ID
(ORCID) and the manuscript digital object identifier (DOI) are required for quality control, clearly
identifying the provenance of data and maintaining peer review as a key quality control metric.
The ORCID column can have multiple IDs for each co-author and the principal investigator in the
article. The ORCID _sub column can have multiple IDs for each submitter to the database, and the
submitters can be different from the authors of the article. Entries that characterize the system are
the phase(s) measured, measurement technique (phase method) (at the time of publication, the
strings in this column are “SAXS”, “SANS”, “TEM”, “rheology”, “DPLS”, “AFM/SFM”),
temperature, and any notes written by the submitter. The notes column can contain short quotations
from the article specifying how the phase was measured, assumptions made regarding the phase
behavior, evidence from SAXS, SANS, TEM, or another measurement technique that a set of data
points in temperature scans can be mapped to a measured phase, annealing conditions, and insights
into why expected and unexpected phase behavior are observed. Since annealing and measurement
temperatures are both critical to the measured morphology, these entries (columns T meas and
T anneal) are distinguished. If neither is reported, then an alternate temperature can be logged
(T _alt) with a description (T _describe). For example, room temperature, assumed to be 25°C, can
be logged in the T alt column. The entry T is a required entry for visualization purposes; it stores
a single temperature (either measured or annealing, if neither is stated, then T alt).

Entries that characterize the overall polymer are the BigSMILES string, molar mass (M,
or M,,), dispersity (P), and the total number of segments (N). The BigSMILES column contains
the polymer line notation string®* that extends SMILES®® to encode polymers as ensembles of

molecular graphs. The BigSMILES string can include end groups (initiators and terminating
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groups) if they are reported, allowing the user to explore these effects on phase behavior.
Following entries for the overall polymer are sets of entries for each block in the order in which
they are written in the BigSMILES. BCDB accommodates any number of blocks: a diblock would
have two sets of parameters, and a triblock would have three. The user can enter volume fractions
for each individual block in the di- or multiblock in the f entry. Alternatively, the user can enter
the total volume fraction of a block if it appears multiple times in the polymer in the f fot entry,
like poly(styrene) in poly(styrene)-b-poly(isoprene)-b-poly(styrene)-b-poly(ethylene oxide). For
each column in Table 1 with a numerical data type, the user has the option to specify any of the
four entries under “Uncertainty”: standard deviation, standard error, different metric, and string
description of that metric. For example, M,, has four extra entries for the user to specify
uncertainty. The columns for names and phases have dictionaries specified by BCDB for easy,
standardized search (see Supporting Information for these dictionaries which show some but not
all of the phase and block information). As the database grows and new chemistries and phases

are added, the curator will add to the dictionary accordingly.

2.3. Quality Control

Enforcing quality control is important to addressing the challenge of collecting high-
quality, high-volume data, especially when data are not reported with uncertainty and can come
from a variety of experimental techniques. The data must be from a peer-reviewed manuscript with
a DOI, and the submitter of the data must submit a verifiable ORCID for digital identification.
Furthermore, a series of checks are applied by the database curator before each data point is added
to the database. For many systems, the phase can be checked with SCFT prediction (already in
BCDB) to determine whether it is reasonable given the molecular design of the polymer. Data for

the ODT or OOT that is extracted from tables should agree with data extracted from figures,
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validating that the axes for extracting data from figures using WebPlotDigitizer are calibrated
correctly. Experimental characterization methods are generally, but not always, prioritized over
calculations. For instance, molar mass reported by SEC and NMR is prioritized over molar mass
predicted from the reaction stoichiometry; this does not imply that one is more accurate than the
other, so the DOI is provided to enable the user to access more complete information on methods.
When submitting new information into the database, the user should (and the database curator will)
check to ensure that these quality criteria are met. To be accepted, all data in the BCDB must be
peer-reviewed; however, users of the data are free to build their own tools to detect and interpret

outliers in the data.
3. Results and Discussion

3.1. BCDB Content

0.1 [ 0
M, (g/mol) x 108

Figure 1. Histograms of the database for (a) T (°C) with 100 bins, (b) f, with 50 bins, and (¢) M,,
with 25 bins (y-axis is log-scale). The temperature distribution has a peak at 120 < T(°C) <
180, above the glass transition temperature of many blocks, and a sharp peak at room temperature.

The block fraction has peaks at 0.5 and 0.65 for lamellar and cylinder phases. Most polymers have

M,, < 200,000 g/mol.
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Figure 2. Plots of the entire database for pure phases. “Other” includes coexistence and complex
phases. The platform can plot all relationships of M,,, T, and f,. Vertical points at constant M,,

and f, are rheology scans. The horizontal line at constant T is room temperature.
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Figure 3. BCDB breakdown by (a) block copolymer (% of total entries); (b) block (% of total
blocks); (c) phase (% of total entries). PI is poly(isoprene). PS is poly(styrene). PEO is
poly(ethylene oxide). PEE is poly(ethyl ethylene) from hydrogenated polybutadiene. PDMS is
poly(dimethyl siloxane). PEP is poly(ethylene-alt-propylene). P2VP is poly(2-vinyl pyridine).

PLA is poly(lactic acid). Phase labels are same as in Figure 2a.

At the time of publication, BCDB contains a broad range of linear di- and multi-block
copolymers, including triblock,>® %7 tetrablock,>® hexablock,” and undecablock.>® This data can be
downloaded from Zenodo (http://doi.org/10.5281/zenodo.4780309). In the diblock category, there
are over 5,400 total entries with more than 60 unique blocks and 60 unique diblocks from

approximately 130 peer-reviewed journal articles. Approximately 80% of the data points are pure
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phase. To visualize the distributions in M,,, T (column 7 in Table 1), and f, (for the first block in
the BigSMILES string), Figure 1 displays histograms, and Figure 2 shows two bivariate plots
illustrating the range of parameter space and phases covered by the data. Figures 3a and 3b display
breakdowns of diblock and individual block chemistries respectively. The imbalance of
chemistries in the literature is clear from these figures: a few well-studied polymers like
poly(styrene)-b-poly(isoprene), poly(ethylene)-b-poly(ethyl ethylene), and poly(ethylene oxide)-
b-poly(isoprene) dominate the data set. Rheology has a major impact on this skew because each
temperature ramp adds many data points for that chemistry. Figure 3c displays the percentages of
pure lamellar, cylinder, gyroid, sphere, and disordered. The “other” category includes transition
phases and complex phases like hexagonally perforated and modulated layers®®-%? and Fddd.®3-%
BCDB is designed to allow user submission of new data to expand the database. Similar
to submitting a manuscript to a peer-reviewed journal, the user is asked to submit all information
to the Community Resource for Innovation in Polymer Technology (instructions in the download

folder), a centralized database for polymers with a data model®’

and graph-based polymer search
algorithms.®® The database curator will review and verify all information to maintain quality

control and will also update the database using large language models (vide infra). Only data from

datasets that have completed peer review will be accepted.
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3.2. Use Cases

3.2.1. User Interface and Data Availability

Filter by Mn (g/mol) between = 10000 and 20000
600
Filter by polydispersity between | 1 and 1.2
550
Click on a point in the plot to see more details.
2
5007 BigSMILES  {[>][<]C(C)C(=0)O[>][<IK[$]
[$]CCC(C)C[$],[$1CC(C(C)C)[$],[$]1CC(C)
Q“S"‘ (CC)[$1($1}
F 4004 Block A PLA
Block B PEP
350 SMILES A
[ °
o °
300+ ® o oo 2
C(C)Cc(=0)0
250 °
° SMILES B
200+ i . - T
0 0.2 0.4 0.6 0.8
f CCcc(C)C

Mn (g/mol) 3028.237532
Mw (g/mol) 3543.037913

D 117
Volume 0.313
Fraction A

T 499

Figure 4. The BCDB has been integrated with the Community Resource for Innovation in Polymer
Technology (CRIPT) to enable polymer data visualization and a user-friendly interactive
dashboard using Plotly. In this example, the user can search for block copolymers with an overall
molar mass between 10,000 and 20,000 g/mol, and a dispersity between 1.0 and 1.2. For each data

point, the user can access the ORCID and DOL.

There are two ways users can search chemistry and property information. The first is

through the web. An interactive dashboard for polymer data visualization was constructed (Figure
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4), which has been integrated as an application with the Community Resource for Innovation in
Polymer Technology (CRIPT) with search capabilities for the molar mass and dispersity, an open
API, and metadata including when and how the data was collected, descriptions of the column

names, and data provenance. The database can be downloaded in JSON format.
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Figure 5. The user can query chemistry and properties, specifically properties of the system and

overall polymer using SQL (red), properties of the individual blocks using SQL (green), and
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functional group and repeat unit subgraphs using the SMARTS query language (red and blue).
Shown is a T versus f, visualization for different queries the user has entered; red square “s”: pure
lamellar poly(styrene)-b-poly(isoprene), with repeat units written in SMARTS as “CC(clcccccl)”
and “C\C=C(C)/C”, searched in the diblock table (‘“2”) with the keyword “ex” for exact repeat
unit; blue triangle “”: at least two blocks must have rings (the SMARTS query is “[R]”) searched
in the diblock and triblock tables (“2 37); green circle “o0”: at least one block has a volume fraction
less than 0.25 searched in the diblock, triblock, and tetrablock tables (“2 3 4”); black star “*””: new

lamellar data for sec-butyllithium initiated poly(styrene)-b-poly(isoprene) (fp; = 0.57, M,, = 35

kDa); grey circle “o”: data not hit.

Alternatively, this tool can be downloaded to the user’s desktop from Zenodo

(http://doi.org/10.5281/zen0do0.4780309) and run locally. To increase accessibility and

dissemination, BCDB can also be downloaded from the Materials Data Facility

(https://acdc.alcf.anl.gov/mdf/detail/becdb_v1.3/), which uses a non-profit service called Globus to

securely store, share, and discover data.>> 3 The user interface on the user’s desktop is shown in
Figure 5, built using Python. On the user interface, the user can search all di- and multi-block
information, download all of the search hits, and visualize the diblock hits. There is no restriction
on the number of searches that the user can enter. BCDB supports two types of searches: Structured
Query Language (SQL) (3.2.2), which searches the system, overall polymer, and block columns
in Table 1, and chemistry search (3.2.3), which targets the BigSMILES column.

For each search, the query and target must be defined. To enter a search, the user clicks the
Add Search button. The user can write a SQL for the system and overall polymer categories in the

System and Overall Polymer SQL condition(s) entry, shown in the first query in Figure 5 that

20



targets pure lamellar systems. The user can also write a block search, shown in the second and
third queries in Figure 5, by first entering the number of block searches and clicking Add. Each
block search has a Subgraph and SQOL entry, allowing block stochastic graphs to be targeted with
their characterization information. If the user enters more block searches than there are blocks in
the target, then a match is not possible, and the platform will not return any hits. For example,
three block searches will not hit to any diblock, whereas three block searches must hit to each
block in the triblock. After entering the search, the user chooses the target chemistries in the Target
Block(s) entry. For example, if the user enters “2 3” in Figure 5, then this will target searches to
the diblock and triblock copolymers.

After the query and target are defined, the user can choose to visualize and download the
data. To visualize the data, the user chooses the color, shape (entry under the Delete button), and
size (entry under the Color button), and checks any number of bivariate plots to visualize the data.
Then, the user clicks Visualize, and the platform uses MatPlotLib® to generate scatter plots with
each single point representing each sample hit. To download the data, the user clicks the Download
button, and the platform generates CSV files of all hits, with all columns printed, of the target
chemistries specified by the user. For hits the user finds interesting, the user can use the DO/
column to read more information on the phase behavior. Supporting Information shows examples
of important uses cases that would be of benefit to the polymer community: search, visualization
of the search hits, and download.

3.2.2. Structured Query Language (SQL)
SQL enables searching characterization and strings for the system, overall polymer, and

individual block columns in Table 1. The template for extracting data using SQL is:"°

SELECT column(s) FROM table(s) WHERE condition(s)
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User-friendly tutorials can be found in reference 68. The column(s) are listed in Table 1, and the
table(s) refers to each block table that the user can search on the user interface in the Target
Block(s) entry. On the interface, the user only has to specify the condition(s). These conditions are
queries for exact values (string or quantitative) or value ranges (quantitative). For example, to
search the pure lamellar systems (Figure 5), the user can enter in the System and Overall Polymer
SOL Condition(s) entry: "phasel = "lamellar" and phase2 is NULL". This means that phase? is
not populated (only the phasel column is populated for pure phases in the database). The user is
provided a dictionary of names and phases that is automatically displayed on the platform with the
click of a button. Moreover, to conduct a block search for a volume fraction less than 0.25, the
user can enter in the block SQL search: “f < 0.25", invoking the volume fraction column f, shown
in Figure 5. To execute the SQL queries, the platform uses the sqlite3 in Python to run the queries

against the database.
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3.2.3. Molecular Search

Queries Targets
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Figure 6. The user can search for functional groups (a-b) in the backbone and sidechains and
repeat unit “rep” backbones (c-d) using the SMARTS query language with increasing level of
restriction on the target, adding the string “rep” for repeat unit backbone searches. BCDB considers
frame shifts in the repeat unit backbone search, and the user can add hydrogens to the query. These
searches target poly(ethylene oxide), or “{[][<]CCO[>][]}”, poly(propylene oxide), or
“UII<ICCO)O[>][]}7, poly(methyl methacrylate), or “{[]J[$]CC(C)(C(=0)OC)[$][]}”, and

poly(butyl methacrylate), or “{[][$]CC(C)(C(=0)OCCCC)[$][]}”, blocks.
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To identify different polymer blocks, BCDB enables searching polymer chemical
structures via line notation. This can be written in the Subgraph entry of the individual block search
in Figure 5. The user can search functional groups, repeat unit backbones, and exact repeat units

as shown in Figures 6 and 7 by entering the query as SMARTS strings,’!"7

a popular line notation
in digital chemistry to encode molecular patterns or subgraphs, and user-friendly tutorials can be
found in references 71 and 72. These SMARTS strings are fed to RDKit’s™ subgraph search
subroutines. The targets are encoded as BigSMILES strings in the BigSMILES column in BCDB.
The repeat units and end groups in these strings are parsed using the open-source BigSMILES
parser, discussed in the Supporting Information. Specifically, in each target block, the platform
will concatenate allowed combinations of three repeat units to form a set of SMILES targets to
feed to RDKit and concatenate end groups if they are present. Chain-growth blocks have more
combinations of three repeat units due to head-to-head polymerization than step-growth blocks. In
summary, users can use SMARTS to search for:
1) Functional groups in each stochastic object and in connecting end groups

2) Repeat unit backbones by specifying the “rep” keyword

3) Exact repeat units by adding hydrogens or by specifying the “ex” keyword
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Queries Target

a Cc(C)oc(=0)o rep OC\’,O\H/O}

Repeat unit &
C(C)oc(=0)OC rep
Frame shift
b CC(clcccccl) rep O(»\ro YO}
Repeat unit n o /m

C(c5ccccc5)C rep
Inversion + different SMARTS
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CCC(C)CC(clccceccl)CC(clcccccl)
Initiator + head to tail

CCC(C)CC(clcceecl)C(clcccccl)C
Initiator + head to head

Figure 7. The user can search for (a-b) repeat units with different transformations and (c) a specific
initiator and repeat unit using the SMARTS query language, which all match to sec-butyl lithium
initiated  poly(isoprene)-b-poly(propylene  carbonate), encoded in BigSMILES as
“CCC(O){[SI[$]CC(clcecceD[S][$]} CCO{[>][<ICC(C)COC(=0)O[>][<]}[H]” in the database.
When executing a substructure search, the platform concatenates deterministic end groups to the
stochastic set of SMILES realizations generated by each object so that initiators and realizations

of the repeat units can be matched during search.

The user can query block copolymers with increasing restriction on the target matched.
The user can search functional groups anywhere in the polymer, in the backbones, sidechains, and
end groups, matching blocks with rings like poly(vinyl cyclohexane), poly(styrene), and poly(2-
vinylpyridine), blocks with unsaturated functionality like poly(butadiene) and poly(isoprene),

blocks with aromatic groups, and any functional group within a single repeat unit or formed from

25



the stochastic concatenation of repeat units (Figures 6 and 7). The user can add hydrogens, making
the query more specific. Moreover, the user can search for repeat unit backbones in SMARTS
using the word “rep”. For repeat unit searches, the platform will target every repeat unit in every
stochastic object. A block can have multiple isomers like poly(isoprene) with four isomers (repeat
units in BigSMILES would be [$]C\C=C(C)/C[$], [$]C\C=C(O)\C[$], [$]CC(C(C)=C)[$],
[$]CC(C)(C=C)[$], with [$] operators permitting head-to-head or head-to-tail concatenation of the
repeat units), or multiple monomer chemistries like poly(lactic-co-glycolic acid) with two
monomers ([<]C(=0)C(C)O[>] and [<]C(=0O)CO[>] have conjugate descriptors permitting only
head to tail concatenation of the repeat units). For repeat units with compatible descriptors, the
query is allowed to be a frame shifted version of the target. For example, the user can query either
“CCO rep” or frame shifted “COC rep” to hit to a target containing poly(ethylene oxide)
substructure, which can be poly(ethylene oxide) or [<]CCO[>] in Figure 6 or poly(propylene
oxide) or [<]JCC(C)O[>]. The user can also add hydrogens to the repeat units, making the backbone
query more specific. To execute this search, the platform will construct a circular permutation of
the target with no end groups so that the starting atom in the SMARTS query does not matter but
rather the exact arrangement of atoms. For a match, the first and last atoms of the target repeat unit
backbone must hit. In essence, BCDB enables rich searches of polymers according to their

stochastic graph representations.

3.2.4. Download for Machine Learning

Beyond expanded search functionality, it is envisioned that the data infrastructure provided
by BCDB can lead to increased transparency and accessibility for block copolymer data,
supporting FAIR data principles that scholarly data should be Findable, Accessible, Interoperable

and Reusable.”” With the search and download features, users can build rich and powerful data-
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driven models on subset(s) of the data for materials design and discovery. For example, in a
separate work by the coauthors,’® a subset of the BCDB data was used to build a random forest
classification model for block copolymer phase prediction. Because of the growing number of
publications in machine learning in materials science, we anticipate that the data search and

download features on this platform will be of great benefit to the polymer community.

3.2.5. New Data Benchmarking

In addition to allowing users to readily search and extract block copolymer phase data for
data-driven research, BCDB also facilitates benchmarking of new experimental data against
literature results. By clicking Add New Data, the user can visualize new results plotted against
data from BCDB as shown for lamellar poly(styrene)-b-poly(isoprene) with the large black stars
in Figure 5. For each benchmark, the user enters the BigSMILES, f, for the first block in the
BigSMILES, total M,,, a single temperature or set of temperatures from scans separated by a space

or comma, and the phase(s). The user can add any number of benchmarks.

3.3. GPT-4 for Rapid Screening of Published Papers

To grow the database and keep pace with the growing volume of literature on block
copolymer phase behavior, natural language processing can be used to quickly identify promising
papers with linear block copolymer melt data that have been recently published. Large-language
models (LLMs) such as GPT-4 caught the attention of many scientists in chemistry and materials,
and LLMs were utilized for various applications, including predicting properties of materials,
building novel interfaces for tools, data mining from scientific literatures, and designing new
educational applications.”” 7 A zero-shot prompt was created so that GPT-4,”° an Al-powered
language model, can identify whether an entire paper contains data that fits into BCDB by

analyzing only the abstract text, shown in Figure 8. This GPT-4 prompt was created by analyzing
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a training dataset of approximately 70 papers directly from BCDB and 30 papers that do not
contain data that fit into BCDB. The training dataset of papers that do not contain data was created
by entering queries on Google Scholar like “block copolymer melt phase behavior”, and papers
that do not contain data deal with nonlinear polymers like miktoarm or graft, electrolytes,
solutions, blends, and nanoparticle composites. GPT-4's zero-shot prompt was written by the
authors after reading these abstract texts, and the prompt was adjusted to maximize the prediction

accuracy 100% on the training dataset. The prompt is shown in the Supporting Information.

There are several reasons why abstracts are chosen instead of the titles or the whole papers.
First, the abstracts contain more information than the titles. Second, abstracts have much fewer
words or tokens than whole papers; using abstracts can avoid memory limitations and save cost.”
Third, abstracts can be treated as a handcraft summary of the whole paper. Finally, abstracts are

always accessible regardless of whether the papers are open-access. However, this study uses

papers that are accessible by the scientific community.
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keywords search
@ Web of Science

BibTeX collection

@ BibtexParser

abstract collection

@ GPT-4 Prompt

useful papers

Figure 8. The workflow of utilizing GPT-4 for rapid screening of promising papers.

After the prompt was created using the training dataset, Web of Science was then used to
generate a test dataset of block copolymer papers. A keyword search was used on Web of Science
with the query, "block copolymer phase behavior," and over 9,000 results were returned. Since
OpenAl does not publicize their training dataset for GPT-4 and only stated that the training data
for training GPT-4 is before September 2021, to maximally to avoid that the data is touched by
ChatGPT and make sure the testing is unbiased, the results from 2022 were chosen, and the number
of papers is 305. Then, Web of Science is utilized to output the BibTeX of these 305 papers.

BibtexParser, a Python library,® is used to extract the abstract text from the BibTeX collection.

GPT-4 is then used with the optimized zero-shot prompt to read the abstracts in this test
dataset and manually identify whether the papers contain data that fits into BCDB. Since the large

language models' output might have variation, all the abstracts are read by GPT-4 three times
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separately. The papers whose three outputs by GPT-4 are all positive or all negative are selected
for manual checking of whether they have had BCDB data. For simplicity, only experimental
papers are reviewed. In essence, GPT-4 inputs the prompt and an abstract text from the test dataset
of papers and outputs a score of either 0 or 1 depending on whether the paper is predicted to have
data. This prompt is run repeatedly three different times, and of the 305 papers, 218 were negative
all three times. The results of this test are shown in Table 2 and Table 3 (only a fraction of total
papers were checked, specifically experimental papers), demonstrating that GPT-4 is decisive for
the rapid screening of promising papers. The precision is the ratio of true positives to all positive
papers suggested by the model. The recall is the ratio of true positives to all positive papers in the
dataset. The F1-score is the harmonic mean of the two. Here, the zero-shot prompt instruction is
only preliminary optimized. Therefore, the screening accuracy is anticipated to be further
improved if the zero-shot prompt instruction on GPT-4 is further revised or replaced by few-shot

prompt instructions with representative shots.

Table 2. GPT-4 results for identifying papers (predicted versus actual).

Category # Papers Meaning
True Positive 21 GPT-4 says positive and the paper contains data
False Positive 7 GPT-4 says positive and the paper does not contain data
True Negative 24 GPT-4 says negative and the paper does not data
False Negative 8 GPT-4 says negative and the paper contains data

Table 3. GPT-4 results for identifying papers (metrics).

Metric Value
Precision 0.75

Recall 0.72
F1 Score 0.74
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4. Future Development

As cheminformatics tools continue to grow and develop, there is potential for continued
advances in the capabilities of BCDB to enable more efficient research in block copolymers. In
the future, the user can execute logical searches for multiple repeat units and end groups, matching
statistical copolymer blocks, search functional groups localized to the repeat unit backbones and
sidechains, and localize searches to specific stochastic objects, like the middle block of a triblock.
This requires more advanced search language tailored for stochastic molecules, but such
development would enable users to better extract data sets for machine learning models, enabling
structure to property connections and the discovery of new polymers with desired phase behavior.

BCDB is the largest database of its type and at the time of publication contains
approximately 130 articles, which is only a fraction of block copolymer papers on Google Scholar
or Web of Science. This is in large part because of the initial scope of BCDB restricted to
copolymer melts. Furthermore, many papers do not report sufficient data to populate all required
fields in BCDB, suggesting the value of the proposed data standard in helping to standardize
reporting. It has been previously shown that a simple keyword search for the related quantity y to
be extracted only contained the quantity 38% of the time.*® Nevertheless, the initial size of BCDB
reported in this paper is on par with other polymer data resources. The Physical Properties of
Polymers Handbook* contains a database with approximately 50 peer-reviewed papers for the
Flory-Huggins chi (y) parameter (Table 19.1), a related quantity. Moreover, the PPPDB contains
approximately 110 papers that report over 260 y values.*

There are future steps to keeping pace with the exponential growth of chemical literature
and supporting search in Big Data space. A natural language processing tool to identify promising

papers from literature introduced in the previous section. Ultimately, the GPT-4 prompt can be
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modified so that the accuracy is higher, but this work sets the stage for using large language models
and artificial intelligence to populate polymer databases, and many other models can be used such
as Code Llama.?! Tools that automatically extract key information from scientific literature using
natural language processing continue to develop,®> # and they could be linked to BCDB so that
curation becomes faster and more efficient. Moreover, high throughput experimental and

simulation methods?* 8% 83

are becoming popular and instruments from the lab could be connected
to the database so that researchers can interact with and analyze their data. BCDB can help provide
infrastructure to take full advantage of these advances. As a result, there remains significant
potential to easily expand with additional data, and a broader goal is that this database
representation expands beyond melts to block copolymers with extra components such as block

91-93

copolymer and salt mixtures,®**° block copolymer and homopolymer blends, and amphiphilic

block copolymers in solution.”*

S. Conclusions

BCDB is a database of block copolymer phase behavior data that enables users to search,
visualize, and download over 5,400 block copolymer melt phase measurements collected from the
scientific literature. This database encodes polymers as stochastic molecules in BigSMILES, and
the user can apply chemical substructure search and SQL to search chemical structure,
characterization, and self-assembled phase helping to make this data more discoverable by the
community. This enables facile extraction of data sets for machine learning as well benchmarking
of current results against past data. BCDB has been constructed to allow for user-driven addition
of data as well as expansion of the type of data that can be received. In these ways, BCDB will
facilitate data-driven research in both theory and experimental synthesis that drives forward the

field of block copolymers.
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6. Data and Code Availability
The user can download the software and data from Zenodo

(http://doi.org/10.5281/zenodo.4780309). A video tutorial is available upon download. The

visualization tool is released under the MIT License (https://opensource.org/licenses/MIT). The

dataset is released under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0).

Supporting Information Statement

List of chemistries and phases; example chemistry and property searches; discussion of the
BigSMILES parser; GPT-4 prompt
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