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Abstract—Large language models (LLMs) have shown strong
capabilities in reasoning, planning, and tool use, but many
scientific and engineering tasks require more than plausible
text and code generation. They require understanding how a
system responds to intervention, which in practice depends on
controlled experimentation. In this work, we propose a multi-
agent framework that enables LLM agents to conduct controlled
experiments with scientific simulation models for pharmaceutical
process design. Given a user query and a baseline configu-
ration, the system constructs a structured task representation,
designs experiments, executes comparative simulation, interprets
the resulting outcomes, and synthesizes evidence-based recom-
mendations for process parameter optimization. By coupling
language models with high-fidelity simulation models in an inter-
active agent framework, the proposed system supports reasoning
through intervention, comparison, and observation. As a result, it
produces more specific and actionable outputs than language-only
reasoning. In an industrial application setting, this advantage is
reflected in higher output specificity as well as improved user-
rated correctness and helpfulness. Ablation studies and visualized
case analyses further demonstrate the effectiveness and practical
utility of simulation-integrated experimental reasoning.

Index Terms—LLM, multi-agent system, simulation, tool-
augmented reasoning, AI for science, process optimization

I. INTRODUCTION

Large language models (LLMs) have shown promising
capabilities in multi-step reasoning, planning, and tool use.
However, many scientific and engineering tasks require more
than plausible text generation. They require determining how
a system responds to intervention, which in practice means
reasoning through controlled comparison rather than through
language generation alone.

Controlled experimentation is a central mechanism of scien-
tific inquiry and engineering problem-solving. To understand
how a process should be improved, one typically formulates
a hypothesis, varies a selected factor while keeping other
conditions fixed, observes the resulting change, and compares
it against a reference condition. This logic is essential for

identifying causal effects and for producing conclusions that
are specific, testable, and actionable.

Current LLM-based systems do not naturally operate in
this mode. Even when they are equipped with external tools,
they are often used to retrieve information or execute isolated
functions, rather than to carry out structured experimental
comparison. As a result, their outputs may remain sugges-
tive rather than evidential, especially in tasks where reliable
conclusions depend on comparing outcomes under controlled
intervention.

This issue is particularly relevant in scientific and industrial
applications, where important knowledge is often embodied in
simulation models that capture system dynamics under varying
operating conditions. In pharmaceutical process design, for
example, simulation models can provide a practical basis for
evaluating candidate process modifications and their conse-
quences.

Motivated by this setting, we investigate how LLMs can
be placed in a simulation-based experimental environment
for scientific reasoning. Rather than treating simulation as a
passive auxiliary tool, we consider it as an environment in
which hypotheses can be tested through controlled intervention
and comparison. This perspective provides the basis for the
framework developed in this work.

II. RELATED WORK

A. Related application fields and use cases

Across scientific and engineering domains, LLMs have
increasingly been applied to domain-specific workflows. In
chemistry, prior work has demonstrated tool-augmented chem-
ical reasoning in ChemCrow [1], autonomous experiment de-
sign and execution in Coscientist [2], and end-to-end synthesis
development in LLM-RDF [3]. In simulation-centered engi-
neering settings, recent systems have supported OpenFOAM-
based computational fluid dynamics setup and refinement in
OpenFOAMGPT [4], natural-language-to-CFD automation in
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User input
Given the current crystallization process, which 
begins with a solution volume of 0.100 L, a solvent -
to-antisolvent ratio of 5:95, and a crude 
concentration of 35 g/L, with 10 wt% seed loading
and an initial temperature of 63.0  °C followed by a 
12-hour cooling phase starting at 6 hours at a rate of 
5.25 °C/h, how can I adjust the process conditions to
accelerate crystallization and achieve a better yield?

Without Simulation Integration
     (…)
Seed Loading (10 wt%): Fairly standard.
Suggestion: Increase seed loading to provide more surface area for growth, which can accelerate
crystallization.
Cooling Phase: Begins at 6 hours, cools over 12 hours at 5.25 °C/h.
Suggestions: increase cooling rate to ~7–10 °C/h if crystal quality remains acceptable. Faster 
cooling increases supersaturation and accelerates crystallization.
Temperature Range (63.0 °C to ~0°C): Adequate, assuming solubility drops sufficiently.
Suggestion: Confirm solubility curve: if crystals form at higher temps, stop cooling at a slightly 
higher temperature (e.g., 5–10 °C) to avoid unnecessary cooling time.

(…)

Simulation Integration
(…)

Seed Loading
Suggestion: To accelerate crystallization and enhance yield,
increasing the seed loading from 0.10 to 0.15 significantly improves
the process. This adjustment results in faster nucleation, as indicated
by the quicker reduction in solute concentration and a more rapid
increase in solid-phase mass. Additionally, it produces smaller crystal
sizes, which can be beneficial for specific applications. The narrower
metastable zone width (MZW) observed with higher seed loading
suggests improved control over the crystallization process.

Cooling Rate
Suggestions: To accelerate crystallization and improve yield,
increasing the cooling rate from 5.25 to 7.0 °C/h effectively enhances
the crystallization process. This adjustment decreases the solute
concentration more rapidly, resulting in faster solute consumption and
increased crystal growth rates. The higher cooling rate also slightly
increases the final crystal size (d50) and solid-phase mass
accumulation, indicating improved yield.

(…)

Simulation-integrated LLM agent system

More informative:
Specific and actionable insights

General and vague answer

Controlled 
experiment A

Executor

(…)Controlled 
experiment B

Controlled 
experiment Y

Controlled 
experiment Z

Simulation system

Requirement 
analyzer

Planner Interpreter

Reporter

Operator

Agent system

LLM only

Which answer does an engineer need?

Fig. 1. Graphical abstract. Simulation-integrated agent system delivers precise, evidence-based insights to support engineering decision-making.

AutoCFD [5], and broader end-to-end simulation research
workflows in ASA [6].

These studies demonstrate the growing applicability of
LLMs to domain-specific scientific and engineering tasks.
However, most existing systems emphasize retrieval, workflow
automation, code generation, or simulation setup, rather than
using simulation models as an environment for controlled ex-
periments and comparative reasoning. As a result, simulation
is typically treated as a tool for task execution, not as an
experimental substrate for testing hypotheses through variable
intervention and outcome interpretation.

B. Reasoning mechanism and agent framework

Prior studies have shown that LLMs can perform iterative
reasoning and interact with external tools, as in ReAct [7],
Toolformer [8], and Gorilla [9]. Multi-agent frameworks such
as AutoGen [10], HuggingGPT [11], and CAMEL [12] assign
functional roles to agents for solving general and domain-
specific tasks. Communicative Agents [13], [14] further show
how multi-round collaboration can improve performance in
structured workflows.

More recent work has emphasized explicit role decompo-
sition and the separation of planning from execution [15], as
in ConAgents [16] and Plan-And-Act [17]. Reliable tool use
has also been improved through clearer and more standardized
tool descriptions, as in EASYTOOL [18]. These works provide
important design principles for building structured LLM agent
systems. However, they do not directly address how such agent
architectures can be organized around controlled experimental
reasoning over scientific simulation models.

C. Simulator and tool integration

A growing body of work has explored the integration of
LLMs with tools, software environments, and simulation-
related components. Existing systems have shown that LLM
agents can access tools [19] and Web APIs [20], and
can be connected to simulation-oriented workflows such as
OpenFOAM-based CFD environments [4] and broader au-
tomated simulation research pipelines [6]. Multi-agent sys-
tems have also been used to formulate, execute, and validate
physics-based simulations, for example in mechanics problems
in MechAgents [21] and in protein design and analysis in
ProtAgents [22].

At the same time, many simulator-related LLM studies
remain situated in simplified, embodied, or sandbox-style
environments, including 3D simulators [23], rule-based game
settings [24], and virtual environments used for behavioral
exploration [25], [26]. In such settings, simulation often serves
as a testbed for action generation or planning behavior rather
than as a high-fidelity scientific environment for controlled
comparison and evidence-grounded reasoning.

D. Contributions beyond prior work

The main contributions of this work are as follows:
Scientific reasoning as structure. The proposed agent

architecture organizes reasoning according to a scientific
problem-solving paradigm. The system decomposes a task into
subgoals and requirements, designs controlled experiments to
test hypotheses, observes the resulting outcomes, and syn-
thesizes these observations into conclusions. This structure
supports systematic and verifiable reasoning for engineering
applications.



Simulation model

Controlled 
experiment
“cooling rate”

(…)
Controlled 
experiment 
“seeding”

Controlled 
experiment 

“concentration”

is described by

Controlled 
experiment 
“volume”

User input
(…) how can I adjust the process conditions to accelerate 
crystallization and achieve a better yield?

Requirement 
analyzer

TaskDescription
├─ user_intention
├─  task_articulation
└─  task_requirements

└─  requirement(s)

Planner

AbstractPlan
└─  abstract_steps

├─  reasoning_step
└─  simulation_step

Operator Executor

Reporter

DialogMessage
└─ executed_steps

├─  reasoning_text
├─  simulation_text
└─  simulation_plot

Interpreter

InterpretationResults
└─  analysis_results

SimulationSpecs
└─  Functions

├─  documentation
└─  function

Simulation system

Simulation-integrated Agent System Output

Experiment: Seed Loading
Findings: Increasing seed
loading (0.10 → 0.15)
accelerates crystallization,
yielding higher solid mass.
Particle size (d50) is lower and
PSD is narrower, indicating
more uniform crystals.
Supersaturation and MZW are
slightly reduced.

Experiment: Cooling Rate
Findings: Increasing cooling
rate (5.25 → 7.00) accelerates
crystallization and slightly
increases final mass. Particle
size (d50) grows faster, giving
larger crystals. PSD is narrower
and supersaturation is more
stable, indicating better control.

Fig. 2. Information flow in the proposed simulation-integrated agent framework.

Scientific simulation. While prior work has demonstrated
the feasibility of grounding LLMs with simulation software,
often in simplified or game-like environments, our framework
is designed to interact with high-fidelity scientific simulations
that reproduce dynamic physical and chemical phenomena.
This enables the system to draw on complementary knowledge
from both the simulation model and the language model.

Application-driven design. The framework is developed
under real-world application constraints. By formalizing the
reasoning process as a directed graph, the system provides
clear observability and visualization of intermediate reasoning
artifacts, which supports practical industrial use.

III. METHOD

Fig. 2 illustrates the proposed simulation-integrated agent
framework. The system processes a user query through a
pipeline of specialized agents and generates recommendations
for engineer users.

The overall design is organized as a structured information-
processing workflow in which intermediate reasoning artifacts
are explicitly generated, transformed, and passed between
agents. In the context of this work, this workflow enables
the LLM-based system to carry out controlled experimental
reasoning: it analyzes the task, identifies relevant interven-
tion variables, plans simulation-based comparisons, executes
parameterized experiments, interprets the outcomes, and syn-
thesizes the results into a final recommendation.

A. Agent Framework Design

The proposed framework consists of six distinct agents. Five
of them are LLM-driven agents, each guided by a dedicated
prompt, while one, the Executor Agent, is implemented as a
rule-based software component. Each agent is responsible for
a specific functional role within the overall pipeline.

The Requirement Analyzer Agent receives the user input,
interprets the underlying user intention, and reasons over it to
produce a task articulation together with a structured list of
requirements. These outputs jointly form the task description,
which serves as the basis for downstream reasoning.

The Planner Agent takes the task description as input
and performs step-by-step reasoning to generate an abstract
plan without committing to concrete execution details. The
Planner is provided with a list of available simulation func-
tions, referred to as Simulation Specs, where each function
is annotated with a concise description. Based on the task
requirements and available simulation capabilities, the Planner
produces an abstract plan that outlines the logical sequence of
reasoning steps and identifies where simulation functions are
relevant. The Planner is explicitly instructed to remain at the
abstract level and not to generate detailed execution logic or
outcomes.

The Interactive Operator Agent receives the abstract plan
and concretizes it through detailed reasoning. In particular, it
operationalizes those plan steps that require simulation-based
comparison. Whenever the Operator reaches a step involving
a simulation function, it generates Python code with fully
specified input parameters and delegates the execution to the
Executor. After receiving the execution results, it resumes
subsequent reasoning. In this way, the Operator converts
abstract reasoning steps into executable controlled simulation
experiments.

The Interactive Executor Agent executes modularized simu-
lation functions in a controlled Python interpreter environment.
It returns both textual and graphical outputs and interacts
directly with the Operator by providing execution feedback.
As a deterministic software component, it is responsible for
reliable tool execution rather than language reasoning.

The Interpreter Agent semantically interprets simulation-
generated plots using a vision-capable LLM. It produces
textual insights from visual simulation outputs and summarizes
the outcomes of the parameterized experiments conducted
through the simulation model.

The Reporter Agent observes the overall reasoning and
execution process, aggregates the textual outputs generated by
the previous agents, and produces a user-facing response that
summarizes both the task-solving process and the final results.

Taken together, these agents organize the system into a



Step 1
reasoning

(detailed text
generation)

Step 2
function calling
(function code

generation)

Step 3
reasoning

(detailed text
generation)

Step 2 execution:
(simulation result
text + plot image)

Step 2
interpretation:

(plot image analysis
� text generation)

Interactive
Operator Agent

Interactive
Executor Agent

Interpreter 
Agent

Abstract Plan
(from Planner Agent)

Step 1, Step 2, Step 3 …

…

…

…

await

continue

initialize

initialize

Fig. 3. Operator–Executor–Interpreter interaction protocol during simulation
invocation.

structured reasoning pipeline that progressively transforms a
user query into explicit intermediate artifacts, simulation-based
evidence, and final recommendations.

B. Interactive Interface Between LLM Agents and the Simu-
lation Model

The interface between the agent system and the simulation
model is realized through the coordinated interaction of three
agents: the Operator, the Executor, and the Interpreter, as
shown in Fig. 3. The Operator and Executor form a two-agent
dialogue loop for simulation invocation, while the Interpreter
analyzes the visual outputs produced by the simulation.

Starting from the abstract plan, the Operator expands each
relevant plan step into concrete reasoning text. When a sim-
ulation experiment is required, it generates the corresponding
function-call code and sends it to the Executor. The Executor
runs the code, obtains both textual and visual outputs from the
simulation functions, and returns the textual execution results
to the Operator, which then continues its reasoning. In parallel,
the visual outputs, such as plots, are passed to the Interpreter,
which extracts semantic insights in textual form.

This interaction protocol enables an adaptive and fault-
tolerant tool-use process. If a function call fails, the deter-
ministic Executor returns an error message. The Operator
can then revise the function call and retry generation until
the execution succeeds or a predefined retry limit is reached.
This design allows the system to recover from malformed or
incomplete tool invocations while maintaining the continuity
of the reasoning process.

C. Structured Graph-Based Visualization

To systematically observe and analyze the generated content
from the proposed system, we visualize the reasoning trajecto-
ries, as shown in Fig. 4. The operation of the proposed system
can be represented as a directed graph that captures the flow
of reasoning from the initial task description to the execution
and interpretation of simulation results. Nodes denote discrete
generated artifacts, such as task descriptions, requirements,
planning steps, simulation calls, and outputs, while edges
capture their logical or procedural dependencies. The graph
uses four types of edges to represent the reasoning flow and the
relationships between intermediate system artifacts: derives,
motivates, yields, and summarized. Together, these nodes and
edges form the system’s reasoning trajectories, providing clear
observability and diagnosability.

IV. EXPERIMENTS

This section evaluates the proposed system from both quan-
titative and qualitative perspectives. We conduct a comparative
analysis to understand how simulation integration, requirement
analysis, and the agent-based framework each affect the rea-
soning process, output specificity, and practical usability.

A. Experimented System Variants

We evaluate four system configurations, with all agent-based
variants powered by GPT-4o:

• Full system (agent + simulation integration + require-
ment analysis): complete pipeline

• No simulation: same system, but with simulation func-
tions disabled

• No requirements: same system, but with the Require-
ment Analyzer disabled

• LLM only: a vanilla LLM (GPT-4o) directly prompted
with the user task

These variants allow us to isolate the contribution of inte-
grated simulation, requirement structuring, and the multi-agent
workflow.

B. Tasks

All system variants are evaluated on a test set consist-
ing of five task scenarios in pharmaceutical crystallization
process design (see Appendix: Reasoning Trajectories). Each
task specifies a user-defined baseline experiment configuration
together with a task goal.

Given a natural-language user query q with an optimiza-
tion goal g (e.g., maximizing yield), and a baseline pro-
cess configuration represented by a parameter vector x =
(x(1), x(2), . . . , x(n)), the system determines how to improve
the outcome by conducting controlled simulation experiments.

The simulation-integrated agent system is expected to per-
form the following sequence of operations:

• Identify the elements of the baseline parameter vector x
that are relevant to the optimization goal g

• For each selected element x(i) in x, generate a controlled
perturbation

x(i)′ = x(i) + δ(i) (1)

while keeping all other elements unchanged, yielding

x′ = (x(1), . . . , x(i)′ , . . . , x(n)) (2)

• Using the simulation function f(x), compare the baseline
result f(x) with the perturbed result f(x′)

• Summarize the findings from these controlled compar-
isons and recommend an improved parameter vector x∗

such that f(x∗) is closer to g

This pipeline reflects the principle of a structured scientific
inquiry: hypothesize → intervene → observe → analyze →
report. It also serves as a fundamental unit for solving more
complex optimization problems that require clear and specific
conclusions.



Task Description
Given the current crystallization process,

which begins with a solution volume of 0.100 L,
a solvent-to-antisolvent ratio of 5:95,
and a crude concentration of 35 g/L,

with 10 wt% seed loading and an initial temperature
of 63.0 °C, followed by a 12-hour cooling phase

starting at 6 hours at a rate of 5.25 °C/h,
how can I adjust the process conditions to

accelerate crystallization and achieve a better yield?

Requirement 1:
Analyze process parameters

- R1.1: Review initial volume impact
- R1.2: Evaluate solvent ratio effect

(...)

derives

Requirement 3:
Identify adjustments

(...)
- R3.2: Increase seed loading

- R3.3: Adjust cooling rate
(...)

derives

Requirement 4:
Adjustments for yield

- R4.1: Higher supersaturation
(...)

derives

Requirement 5:
Validate adjustments

- R5.1: Impact on rate & yield
(...)

derives

[reasoning] S1.1:
Review initial volume impactmotivates

[reasoning] S1.2:
Evaluate solvent ratio effect

motivates

[function call] S3.3:
controlled experiment

on cooling_rate
5.25 → 7 °C/h

motivates

[function call] S4.1:
controlled experiment

on crude_concentration
35 → 45 g/L

motivates

[reasoning] S5.1:
Impact on rate & yield

motivates

Execution 1:
Reasoning result for S1.1

yields

Execution 2:
Reasoning result for S1.2

yields

Execution 14:
Reasoning result for S5.1

yields

Execution 10:
Simulation result

& interpretation text

yields

Execution 11:
Simulation result

& interpretation text

yields

System Response

The crystallization process is influenced by changes in

initial conditions, composition, temperature profile, and

(...)

Experiment: Cooling Rate

Increasing the cooling rate to 7.00 °C/h led to

faster crystallization, a larger d50, narrower PSD,

and a more stable supersaturation profile.

Action: Increase cooling rate to 7.00 °C/h

Experiment: Crude Concentration

Raising crude concentration to 45 g/L resulted in

faster API mass rise, higher yield, quicker PSD

stabilization, and higher initial supersaturation.

Action: Increase concentration to 45 g/L

(...)

summarized

summarized

summarized

summarized

summarized

Fig. 4. Graph illustrating the reasoning trajectories from user task to system response.

C. Simulation Model

The simulation model used in this work is a proprietary in-
dustrial asset. It is built on first-principles equations combined
with semi-empirical formulations calibrated through fitted
parameters. The model consists of differential and algebraic
equations and is capable of reproducing key system dynamics,
including mass transfer, phase transitions, and time-evolving
material distributions in a crystallization process.

The model is integrated into the agent system through
software interfaces, where simulation capabilities are exposed
as callable functions with defined specifications accessible to
the LLM agents, as illustrated in Fig. 2.

D. Data Collection

For each combination of system variant and task, we collect
the following data:

• Final outputs, together with intermediate reasoning steps
and simulation plots. These are further represented as
reasoning trajectory graphs composed of nodes and edges
(see Fig. 4), with detailed examples provided in Ap-
pendix: Reasoning Trajectories

• Evaluation data, including (i) technical metrics that quan-
tify linguistic uncertainty, such as lexical statistics and
fuzziness scores, and (ii) user annotations assessing the
correctness and practical usefulness of the system outputs

V. RESULTS EVALUATION

A. Qualitative Result Comparison

Simulation enables precise, evidence-grounded recommen-
dations. To illustrate the effect of simulation integration on
reasoning quality, we compare outputs from system variants
with and without simulation integration on a representative
task, as shown in the following example:

User input: “Under the current conditions, I want to
grow crystals with a median size of 50 µm. What process
modifications would achieve this goal?”

When given this user input, a vanilla LLM (powered by
GPT-4o without simulation integration) produces a vague and
heuristic response, indicating that the answer is fuzzy but safe
and therefore has high entropy and uncertainty:

Without simulation: “The initial temperature of 63.0 ◦C and a
cooling rate of 5.25 ◦C/h may lead to rapid supersaturation and
smaller crystals. A slower cooling rate could allow more time for
crystal growth. Implementing a slower cooling rate, such as 3 ◦C/h,
may allow more time for crystal growth and potentially achieve larger
crystals.”

The proposed system generates the following specific,
evidence-based answer grounded in the simulation results:
Full system: “A higher cooling rate of 5.25 results in a greater API
solid-phase mass, larger median particle sizes (d50), and a narrower
particle size distribution (PSD) width compared to a cooling rate of
3.0. The increased cooling rate also leads to higher supersaturation
and a larger metastable zone width (MZW), promoting faster nu-
cleation and growth. To achieve a median particle size of 50 µm,
consider further increasing the cooling rate beyond 5.25.”

This contrast illustrates a shift from vague heuristics to
actionable and precise reasoning enabled by simulation inte-
gration. A more detailed qualitative illustration of the system
reasoning behaviors is provided in the Appendix.

B. Quantitative Evaluation Metrics

To assess how simulation integration enhances language
model reasoning, we adopt three complementary evaluation
perspectives. First, we measure reasoning quality using two
core metrics: specificity and correctness. Second, we evaluate
practical usefulness through user-rated helpfulness scores.
Third, we assess the simulation-calling behavior of the system,
including the precision and recall of simulation calls made by
the LLM agents, as well as whether the agents’ hypotheses
are validated by simulation outcomes.

1) Metrics for Reasoning Specificity: We use two metrics
to evaluate reasoning specificity.

• Linguistic fuzziness analysis: the frequency per 1,000
words of expressions signaling uncertainty, including
vague modifiers, hedging structures, range expressions,
and weak logical connectives. Examples include vague
modifiers such as “somewhat,” “likely,” and “may”; hedg-
ing structures such as “if,” “would,” and “could”; range
expressions such as “5 to 10 ◦C”; and weak logical
connectives such as “can,” “may,” and “might”.



• LUCI score [0–1]: a normalized metric [27] for quanti-
fying linguistic uncertainty. For example, a score of 0.13
indicates that 13% of sentences in a paragraph are marked
as uncertain, using the implementation from [28].

2) Metrics for Reasoning Correctness and Usefulness:
For correctness and usefulness, we do not use automated
evaluation methods such as LLM-as-a-Judge, since LLMs lack
real-world experience with the specific scenario knowledge
and detailed facts required in this application domain. Standard
LLM benchmarks are also too general to be applicable in this
context.

We therefore adopt user evaluation. Two senior domain
specialists review the full reasoning process, provide commen-
tary, and rate the system outputs based on the following two
questions:

• Correctness [1–5]: How consistent are the results and
intermediate reasoning with your empirical knowledge?

• Helpfulness / Usefulness [1–5]: How helpful or useful
would the system’s output be to an end user in a practical
production environment?

The reported correctness and helpfulness scores are aver-
aged over five distinct task scenarios.

3) Metrics for LLM-Agent Invoked Simulation Calls: In
the proposed framework, the Planner Agent is responsible for
planning simulation steps, while the Operator Agent param-
eterizes changes to specific input variables and invokes the
corresponding simulation functions. This process is evaluated
using two types of metrics.

• Simulation call precision / recall (Sim. P/R): Precision
is defined as the proportion of simulation calls made by
the system that are appropriate. Recall is defined as the
proportion of necessary simulation calls that were actu-
ally made by the system, where necessity is determined
through user annotation.

• Simulation confirmation (Sim. Conf.): Simulation con-
firmation measures the proportion of system-generated
hypotheses validated by simulation outputs. A hypoth-
esis is considered confirmed if simulation results are
consistent with predictions and move the system closer
to the optimization goal. For example, if increasing the
cooling rate is hypothesized to accelerate crystallization
and simulation results show a corresponding increase, the
hypothesis is considered confirmed.

C. Evaluation Results with Quantitative Metrics
Table I summarizes reasoning quality metrics across five

crystallization tasks, each formulated as an optimization prob-
lem. The evaluation includes manual inspection of complete
reasoning trajectories represented as graphs, with detailed ex-
amples provided in Appendix: Reasoning Trajectories. Specif-
ically, we analyze 17 simulation results generated under the
full-system configuration and 30 results from the ablated no-
requirement configuration.

As shown in Table I, the Full System outperforms all ablated
variants in terms of output specificity, correctness, and help-
fulness. Its responses contain the fewest vague expressions, at

TABLE I
REASONING QUALITY METRICS UNDER THE FOUR SYSTEM VARIANTS

(MEAN ± STANDARD DEVIATION).

System Variant Fuzzy Words / 1k ↓ LUCI ↓ Correct ↑ Helpful ↑ Sim. P/R ↑ Sim. Conf. ↑

Full System 13.7± 6.7 0.13± 0.10 4.1 4.2 94% / 64% 76%
Without Requirement 17.7± 5.9 0.17± 0.07 3.4 3.8 65% / 69% 45%
Without Simulation 51.3± 4.7 0.33± 0.09 (< 3.0) (< 3.0) N.A. N.A.
LLM-only 57.1± 14.6 0.36± 0.11 (< 3.0) (< 3.0) N.A. N.A.

13.7 per 1,000 words, and achieve the lowest LUCI uncertainty
score, 0.13, indicating more precise and specific reasoning.
This is especially important for scientific and engineering
tasks. In contrast, the No Simulation and LLM-only variants
contain substantially more vague and uncertain expressions,
with LUCI scores of 0.33 and 0.36, respectively. While some
of these outputs may not directly contradict known facts,
their lack of specificity limits their practical usefulness for
actionable decision-making.

D. Experiment Hypotheses Confirmed by Simulation (Sim.
Conf.)

The full system achieves 94% simulation call precision, and
76% of its reasoning hypotheses are supported by simulation
results. For example, the system may generate a hypothesis
such as increasing the cooling rate, execute this as a controlled
experiment through the simulation model using perturbed
parameter inputs, and obtain outputs that confirm measurable
improvement toward the goal. This completes the loop of
hypothesis → experiment execution → validation.

Overall, the full system is positively evaluated by domain
specialists, achieving an average correctness score of 4.1 and
a helpfulness score of 4.2.

E. Ablation on Requirement Analysis (No Requirement)

Removing the Requirement Analyzer increases simulation
recall to 69%, but reduces simulation precision to 65%. This
suggests that without explicit reasoning over task require-
ments, the system tends to overuse available simulation func-
tions and produce less targeted simulation calls. The outputs
also become less certain according to lexical analysis, and both
correctness and usefulness scores decline. This result aligns
with prior findings [7], [17] showing the value of intermediate
reasoning steps in complex task solving.

F. Ablation on Simulation Functions (No Simulation)

The weakest performance is observed when simulation
functions are removed. In this setting, all agents rely solely on
the LLM’s prior knowledge, without access to experimental
context. As a result, the outputs become significantly less
specific, as reflected by high fuzziness and LUCI scores.
Domain users regarded scores below 3.0 (< 3.0) as unusable
in this setting because the outputs were too vague to support
meaningful insight extraction.

G. Comparison with LLM-Only Prompting

When given the same query, the LLM-only baseline also
produces overly vague responses, as reflected in high fuzziness



and LUCI scores. Because the outputs generated without
simulation integration contain excessive hedging and fuzzy
statements, they are considered unverifiable and unhelpful for
engineering users.

H. Summary of Quantitative Evaluation

These results support the effectiveness of the proposed sys-
tem design. First, simulation integration enables more precise
and evidence-based reasoning. Second, requirement analysis
contributes to better reasoning performance. Third, the agent-
based architecture successfully combines the strengths of lan-
guage models and simulation models, organizing the reasoning
process into a traceable and testable workflow that mirrors
scientific inquiry. As a whole, this design yields outputs that
are not only more specific and informative, but also practically
useful for engineering optimization tasks.

VI. DISCUSSION AND GENERALIZABLE INSIGHTS

The overall reasoning quality of the simulation-integrated
agent system is governed by a unified principle: approximation
fidelity. This principle manifests differently across the two
model types. For the simulation model, it refers to physical
fidelity, i.e., the degree to which the simulator reproduces real-
world dynamics. For the language model, it corresponds to
hypothesis correctness, i.e., the extent to which its reasoning
proposes correct experimental interventions toward the opti-
mization goal. This unification becomes measurable through
whether simulation outcomes confirm the LLM’s hypotheses,
which can be understood as a form of virtual empirical
validation.

The fidelity of the simulation model plays a crucial role. A
low-fidelity simulator, such as a game-like environment, may
introduce distorted context and misleading details, causing
the language model to ground its reasoning in unrealistic
or non-existent scenarios and thereby inject noise instead of
knowledge. Conversely, a poorly trained LLM may generate
incorrect hypotheses and fail to interact meaningfully with
the simulation. In both cases, the resulting system lacks
the scientific accuracy required for high-stakes engineering
applications.

In this application, the developed system is intended as an
assistant for decision support. It synthesizes the outputs of
both models and presents the agent’s reasoning process in a
traceable form for the user. The knowledge derived from both
models is therefore combined in a complementary way, rather
than being dominated by either one. This is important because
perfect simulations are rarely achievable, and LLMs do not
possess precise training for all specific scenarios. The practical
role of the system is therefore not to replace user judgment, but
to provide traceable, evidence-grounded support for decision-
making under these limitations.

VII. CONCLUSION

This work presents a simulation-integrated agent system
that enables LLMs to reason through controlled experiments

for optimization tasks. Rather than directly generating recom-
mendations, the system analyzes the problem, formulates in-
tervention hypotheses, executes simulation-based comparisons,
observes the outcomes, and incorporates the resulting evidence
into its final conclusions. In this way, the overall reasoning
process follows the logic of scientific inquiry: hypothesize,
intervene, observe, and report.

The results show that simulation integration improves rea-
soning quality by making system outputs more specific, more
evidence-grounded, and more useful for practical decision-
making. By coupling the hypothesis-generation capability of
LLMs with the mechanistic fidelity of scientific simulation,
the proposed framework provides a minimal and generalizable
approach to optimization-oriented reasoning. Demonstrated
here in pharmaceutical process design, the framework suggests
a broader direction for future LLM systems: stronger reasoning
may depend not only on more capable language models,
but also on how they are connected to structured sources of
experimental evidence.

APPENDIX: REASONING TRAJECTORIES

The reasoning trajectories are automatically generated dig-
ital artifacts rendered as Scalable Vector Graphics (SGV-
images). For clear inspection, please view them in PDF format
and zoom in to inspect the details.
Task Sample 1 (Full system)

R1

R2

R3

R4

S1: Analyze the current crystallization process
parameters.

S2: Identify potential modifications to increase
crystal size.

S3: Assess the feasibility and implications of
proposed modifications.

S4: Develop a plan for implementing the
modifications.

User Input:
With a median size of 32 µm under the current

conditions, I want to grow crystals with a median
of 50 µm. What process modifications would most

effectively achieve this goal? Given the current
crystallization process, which begins with a

solution volume of 0.100 L, a
solvent-to-antisolvent ratio of 5:95, and a crude

concentration of 35 g/L, with 10 wt% seed loading
and an initial temperature of 63.0 °C followed by
a 12-hour cooling phase starting at 6 hours at a

rate of 5.25 °C/h.

User Intention:
The user intends to modify their current

crystallization process to increase the median
crystal size from 32 µm to 50 µm. They are

seeking guidance on which process parameters
should be adjusted to achieve this goal

effectively.
is_interpreted_as

Task Articulation:
Determine the necessary modifications to the
current crystallization process to increase the
median crystal size from 32 µm to 50 µm.

is_interpreted_as
Task Description

contributes_to

contributes_to

contributes_to

R1: Analyze the current crystallization process
parameters.

derives

R2: Identify potential modifications to increase
crystal size.

derives

R3: Assess the feasibility and implications of
proposed modifications.

derives

R4: Develop a plan for implementing the
modifications.

derives

R1.1: Review the initial solution volume and its
impact on crystal growth.

contains

R1.2: Evaluate the solvent-to-antisolvent ratio
and its influence on nucleation and growth.

contains

R1.3: Assess the crude concentration and its
effect on supersaturation levels.contains

R1.4: Consider the seed loading percentage and
its role in controlling crystal size.

contains

R1.5: Examine the initial temperature and cooling
rate for their impact on crystal growth dynamics.

contains

S1.1: Review the initial solution volume and its
impact on crystal growth.

motivates

S1.2: Evaluate the solvent-to-antisolvent ratio
and its influence on nucleation and growth.

motivates

S1.3: Assess the crude concentration and its
effect on supersaturation levels.

motivates

S1.4: Consider the seed loading percentage and
its role in controlling crystal size.

motivates

S1.5: Examine the initial temperature and cooling
rate for their impact on crystal growth dynamics.

motivates

R2.1: Explore adjustments to the
solvent-to-antisolvent ratio to favor larger

crystal growth.

contains

R2.2: Consider changes to the cooling rate to
optimize growth conditions.

contains

R2.3: Evaluate the possibility of altering seed
loading to influence crystal size distribution.

contains

R2.4: Investigate the impact of extending or
modifying the cooling phase duration.

contains

S2.1: Explore adjustments to the
solvent-to-antisolvent ratio to favor larger

crystal growth.motivates

S2.2: Consider changes to the cooling rate to
optimize growth conditions. Use the function
`cooling_rate_comparative_study` to simulate

different cooling rates.
motivates

S2.3: Evaluate the possibility of altering seed
loading to influence crystal size distribution.

Use the function `seed_loading_comparative_study`
to compare different seed loading values.

motivates

S2.4: Investigate the impact of extending or
modifying the cooling phase duration. Use the

function `cooling_duration_comparative_study` to
assess different cooling durations.

motivates

R3.1: Analyze the impact of each proposed change
on the overall crystallization process.contains

R3.2: Consider the potential trade-offs, such as
yield or purity, associated with each

modification.

contains

R3.3: Ensure that the proposed changes are
practical and can be implemented within the

existing process setup.

contains

S3.1: Analyze the impact of each proposed change
on the overall crystallization process.

motivates

S3.2: Consider the potential trade-offs, such as
yield or purity, associated with each

modification.

motivates

S3.3: Ensure that the proposed changes are
practical and can be implemented within the

existing process setup.

motivates

R4.1: Outline a step-by-step procedure for
adjusting the process parameters.contains

R4.2: Establish criteria for evaluating the
success of the modifications in achieving the

desired crystal size.

contains

R4.3: Plan for monitoring and controlling the
modified process to ensure consistent results.

contains

S4.1: Outline a step-by-step procedure for
adjusting the process parameters.

motivates

S4.2: Establish criteria for evaluating the
success of the modifications in achieving the

desired crystal size.

motivates

S4.3: Plan for monitoring and controlling the
modified process to ensure consistent results.

motivates

E1: Let's start by analyzing the current crystallization process parameters.
The first sub-step is to review the initial solution volume and its impact on

crystal growth. The initial solution volume is 0.100 L. In crystallization
processes, the solution volume can affect the concentration of solutes and the

degree of supersaturation, which in turn influences nucleation and crystal
growth. A smaller volume can lead to higher concentrations and potentially

faster nucleation, while a larger volume might dilute the solute concentration,
affecting the growth rate and size of the crystals.

yields

E2: Next, we evaluate the solvent-to-antisolvent ratio, which is 5:95. This
ratio is crucial as it determines the degree of supersaturation and the rate of

nucleation. A higher antisolvent ratio typically increases supersaturation,
promoting nucleation and potentially leading to smaller crystals. Adjusting
this ratio could be a potential modification to favor larger crystal growth.yields

E3: Now, let's assess the crude concentration, which is 35 g/L. The
concentration of the crude material affects the level of supersaturation.

Higher concentrations can lead to higher supersaturation, promoting nucleation
and potentially resulting in smaller crystals. Conversely, lower concentrations

might favor the growth of larger crystals by reducing the nucleation rate.

yields

E4: Consider the seed loading percentage, which is 10 wt%. Seed loading is a
critical parameter in controlling crystal size. Higher seed loading can provide
more nucleation sites, leading to smaller crystals, while lower seed loading

might result in fewer nucleation sites and larger crystals. Adjusting seed
loading could be a strategy to achieve the desired crystal size.

yields

E5: Finally, examine the initial temperature and cooling rate. The initial
temperature is 63.0 °C, and the cooling rate is 5.25 °C/h. The initial

temperature affects solubility, and the cooling rate influences the rate of
supersaturation development. A slower cooling rate might allow for larger
crystal growth by providing more time for growth rather than nucleation.

yields

E6: Now, let's explore potential modifications to increase crystal size. The
first modification to consider is adjusting the solvent-to-antisolvent ratio to

favor larger crystal growth. Since we don't have a specific function to
simulate this change, we will note it as a potential modification for later

assessment.

yields
E7: Next, consider changes to the cooling rate to optimize growth conditions.

We will use the function `cooling_rate_comparative_study` to simulate different
cooling rates. Let's proceed with this function execution.

```python
cooling_rate_comparative_study(initial_value=5.25, modified_value=3.0,

current_step_index="step_2.2")
```

The code was executed successfully: Simulate with cooling_rate = 5.25. Simulate
with cooling_rate = 3.0. The simulation results are visualized in a combined

plot image and saved as a file. Please proceed to the next step.

yields
E8: Next, evaluate the possibility of altering seed loading to influence

crystal size distribution. We will use the function
`seed_loading_comparative_study` to compare different seed loading values.

Let's proceed with this function execution to explore the impact on crystal
size.

```python
seed_loading_comparative_study(initial_value=0.10, modified_value=0.05,

current_step_index="step_2.3")
```

The code was executed successfully: Simulate with seed_loading = 0.1. Simulate
with seed_loading = 0.05. The simulation results are visualized in a combined

plot image and saved as a file. Please proceed to the next step.

yields

E9: Next, we consider the impact of altering seed loading on crystal size
distribution. We use the function `seed_loading_comparative_study` to compare

different seed loading values to understand their influence on nucleation and
growth. The function was executed with initial seed loading of 0.10 and

modified seed loading of 0.05, and the results have been saved as an image.

yields

E10: Investigate the impact of extending or modifying the cooling phase
duration. We will use the function `cooling_duration_comparative_study` to

assess different cooling durations.
```python

cooling_duration_comparative_study(initial_value=12.0, modified_value=18.0,
current_step_index="step_2.4")

```
The code was executed successfully: Simulate with cooling_duration = 12.0.

Simulate with cooling_duration = 18.0. The simulation results are visualized in
a combined plot image and saved as a file. Please proceed to the next step.

yields

E11: We have now completed simulations for different cooling rates, seed
loadings, and cooling durations. Let’s analyze the results from these

simulations.
- **Cooling Rate Simulation:**

The plot generated in step 2.2 demonstrates the impact of altering the cooling
rate from 5.25 °C/h to 3.0 °C/h. A slower cooling rate generally allows for
more time for crystals to grow, possibly resulting in larger crystal size and

less nucleation.
- **Seed Loading Simulation:**

In step 2.3, the simulation explored reducing seed loading from 10 wt% to 5
wt%. Lower seed loading can decrease nucleation sites, which might lead to

larger crystal sizes due to fewer competition for growth.
- **Cooling Duration Simulation:**

Finally, in step 2.4, the extension of cooling duration from 12 hours to 18
hours was assessed. Extending the cooling duration allows crystals to grow over

a longer period, potentially increasing the crystal size.

yields

E12: With these results, we consider potential trade-offs, such as yield or
purity, associated with each modification:

- Altering cooling rate and duration might extend process time, impacting
throughput.

- Reduced seed loading could lead to less control on nucleation, increasing
variability in crystal size.

- Each modification should balance desired size increase with acceptable yield
and operational cost.

yields

E13: Review practicality within existing setup:
- Current equipment should support modified cooling rates and durations.

- Evaluate if changes in seed loading are suitable without extensive process
overhauls.

- Ensure that operational changes, like longer cooling times, don’t hinder
process efficiency or equipment availability.

yields

E14: To implement modifications effectively:
1. Adjust the cooling rate and duration according to simulation insights.
2. Carefully reduce seed loading while monitoring crystal size variance.

3. Ensure process adjustments are documented and communicated to operations for
seamless transition.

yields

E15: Establish criteria for evaluating success:
- Crystal median size should reach or exceed 50 µm.

- Consistency in product quality and process efficiency should be maintained.

yields

E16: Plan for monitoring and controlling modifications:
- Implement real-time monitoring of crystal size and supersaturation levels.

- Adjust cooling rates and durations dynamically based on in-process
measurements to maintain control over crystal growth.

yields

E7_img

is_evidenced_by 
 (simulation function executed)

# Key differences
1. **API Solid Phase Mass**: At a cooling rate of 5.25, the API solid-phase mass reaches

approximately 0.0035 kg, while at a cooling rate of 3.0, it reaches around 0.0030 kg. The higher
cooling rate results in a greater mass of solid phase.

2. **d50 (Median Particle Size)**: The d50 value is higher for the cooling rate of 5.25, reaching
about 32 µm, compared to around 30 µm for the cooling rate of 3.0. The higher cooling rate results

in larger median particle sizes.
3. **PSD Width (d90–d10 Gap)**: Both cooling rates show a similar trend, but the gap is slightly

narrower for the cooling rate of 5.25, indicating a more uniform particle size distribution.
4. **Supersaturation & MZW**: The supersaturation profile is higher for the cooling rate of 5.25,

which may contribute to faster nucleation and growth rates. The metastable zone width (MZW) is also
larger for the higher cooling rate.

# Aspect-by-aspect answers
1. **API Solid Phase Mass**: Increasing the cooling rate from 3.0 to 5.25 results in a higher

solid-phase mass. This suggests that a higher cooling rate promotes more nucleation and growth,
leading to increased solid formation.

2. **d50 (Median Particle Size)**: To achieve a median size of 50 µm, further increasing the
cooling rate beyond 5.25 might be necessary, as it already results in larger particles compared to

a rate of 3.0. Alternatively, optimizing other parameters like seeding or solvent composition could
also be explored.

3. **PSD Width (d90–d10 Gap)**: A narrower PSD width at a higher cooling rate indicates more
uniform particle sizes. To achieve larger median sizes while maintaining uniformity, a balance

between cooling rate and other process parameters is crucial.
4. **Supersaturation & MZW**: The higher supersaturation at a cooling rate of 5.25 suggests more

rapid nucleation and growth. To grow larger crystals, controlling the supersaturation to favor
growth over nucleation might be effective, possibly by adjusting the cooling profile or using

additives.
# Summary of this controlled experiment: cooling_rate = 5.25 and 3.0

The experiment demonstrates that a higher cooling rate (5.25) leads to larger median particle
sizes, greater solid-phase mass, and a narrower PSD width compared to a lower cooling rate (3.0).
To achieve a median size of 50 µm, further increasing the cooling rate or optimizing other process
parameters such as seeding, solvent choice, or cooling profile adjustments may be necessary. The

relationship between cooling rate and supersaturation is critical, as higher rates increase
supersaturation, promoting nucleation and growth. Balancing these factors will be key to achieving

the desired crystal size.

interpretation

Experiment: Cooling Rate
Findings:

A higher cooling rate of 5.25 results in a greater API solid-phase mass, larger
median particle sizes (d50), and a narrower particle size distribution (PSD)

width compared to a cooling rate of 3.0. The increased cooling rate also leads
to higher supersaturation and a larger metastable zone width (MZW), promoting

faster nucleation and growth.
Actionable Insights:

To achieve a median particle size of 50 µm, consider further increasing the
cooling rate beyond 5.25 or optimizing other parameters such as seeding,

solvent composition, or cooling profile adjustments to balance nucleation and
growth effectively.

Experiment: Seed Loading
Findings:

Reducing seed loading from 0.10 to 0.05 results in larger median particle sizes
(d50) and a more uniform particle size distribution (PSD) width. The lower seed
loading also supports a broader metastable zone width (MZW), providing a more

stable environment for crystal growth.
Actionable Insights:

To achieve a median particle size of 50 µm, further reduce seed loading or
optimize within the current range to enhance crystal growth while maintaining

uniformity.
Experiment: Cooling Duration

Findings:
Increasing the cooling duration from 12.0 to 18.0 hours results in slightly

larger and more uniform crystals, with higher supersaturation levels. However,
the increase in median particle size (d50) is not sufficient to reach 50 µm

under current conditions.
Actionable Insights:

To achieve a median particle size of 50 µm, consider extending the cooling
duration further or optimizing supersaturation and nucleation control through

additives or temperature profile adjustments.

is_summarized_as

E8_img

is_evidenced_by 
 (simulation function executed)

# Key differences
1. **API Solid Phase Mass**: The solid-phase mass increases more rapidly and reaches a higher final

value with seed_loading = 0.10 compared to seed_loading = 0.05. At 20 hours, the mass is
approximately 0.0035 kg for seed_loading = 0.10 and 0.0030 kg for seed_loading = 0.05.

2. **d50 (Median Particle Size)**: The d50 value is consistently higher for seed_loading = 0.05,
reaching around 40 µm at 20 hours, compared to approximately 32 µm for seed_loading = 0.10.

3. **PSD Width (d90–d10 Gap)**: The PSD width decreases over time for both conditions, but the gap
is slightly narrower for seed_loading = 0.05, indicating a more uniform particle size distribution.

4. **Supersaturation & MZW**: Supersaturation levels are similar for both seed loadings, but the
metastable zone width (MZW) is higher for seed_loading = 0.05, suggesting a broader range of

conditions for stable crystal growth.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**: Increasing seed_loading results in a higher solid-phase mass,
indicating more nucleation and growth. To achieve larger crystals, reducing seed_loading might be

beneficial as it allows for fewer nucleation sites and more growth per crystal.
2. **d50 (Median Particle Size)**: To grow crystals with a median size of 50 µm, reducing

seed_loading appears effective. The data shows that seed_loading = 0.05 results in larger median
sizes (around 40 µm) compared to seed_loading = 0.10 (around 32 µm).

3. **PSD Width (d90–d10 Gap)**: A narrower PSD width with seed_loading = 0.05 suggests more uniform
growth. This condition might be preferable for achieving larger, more uniform crystals.

4. **Supersaturation & MZW**: The higher MZW for seed_loading = 0.05 indicates a more stable
environment for crystal growth, which can support the development of larger crystals. Maintaining

supersaturation within this zone is crucial.
# Summary of this controlled experiment: seed_loading = 0.10 and 0.05

Reducing seed_loading from 0.10 to 0.05 leads to larger median crystal sizes and a more uniform
particle size distribution. This suggests that to achieve a median size of 50 µm, further reducing

seed_loading or optimizing within the current range could be effective. The broader MZW with lower
seed_loading supports stable growth conditions, which is advantageous for growing larger crystals.

interpretation is_summarized_as
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# Key differences
1. **API Solid Phase Mass**: Both cooling durations show similar trends in solid-phase mass
accumulation over time, with a slight increase in mass for the longer cooling duration (18.0 h)

towards the end.
2. **d50 (Median Particle Size)**: The d50 values initially decrease, then increase over time for
both durations. The final d50 values are similar, with a slight advantage for the longer duration.
3. **PSD Width (d90–d10 Gap)**: Both durations show a rapid decrease in PSD width initially,
stabilizing around similar values. The longer duration results in a slightly narrower distribution.

4. **Supersaturation & MZW**: Supersaturation profiles differ, with the longer duration maintaining
higher supersaturation levels. The metastable zone width (MZW) is also higher for the longer

duration.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**: The mass accumulation is slightly higher for the longer cooling
duration, suggesting more material is crystallizing. This could be beneficial for growing larger

crystals if the conditions are optimized to favor growth over nucleation.
2. **d50 (Median Particle Size)**: To achieve a median size of 50 µm, the current conditions need

modification. The longer cooling duration slightly increases the d50, but not sufficiently.
Increasing the cooling duration further or adjusting other parameters like supersaturation could

help.
3. **PSD Width (d90–d10 Gap)**: A narrower PSD width with the longer duration indicates more

uniform crystal sizes, which is desirable. Further narrowing could be achieved by optimizing
nucleation and growth rates.

4. **Supersaturation & MZW**: Higher supersaturation levels with the longer duration suggest more
driving force for growth. To grow larger crystals, maintaining high supersaturation while

controlling nucleation is crucial. Adjusting cooling rates or adding additives to control
nucleation could be effective.

# Summary of this controlled experiment: cooling_duration = 12.0 and 18.0
The experiment shows that increasing the cooling duration from 12.0 to 18.0 hours results in

slightly larger and more uniform crystals, with higher supersaturation levels. However, to achieve
a median size of 50 µm, further modifications are needed. Strategies could include extending the

cooling duration, optimizing supersaturation, and controlling nucleation through additives or
temperature profiles. The current conditions provide a foundation, but additional adjustments are

necessary to meet the desired crystal size.

interpretation

is_summarized_as

Task Sample 1 (Ablation: No Requirement Analysis)

S1: E
valuate the Im

pact of Seed L
oading on

C
rystal G

row
th

S2: A
ssess the E

ffect of Initial Seed Size
D

istribution

S3: Investigate the Influence of Solution V
olum

e
at Seeding

S4: E
xplore the Im

pact of C
rude C

oncentration at
Seeding

S5: A
nalyze the E

ffect of Initial Tem
perature on

C
rystallization

S6: E
xam

ine the T
im

ing of C
ooling Start

S7: E
valuate the Influence of C

ooling D
uration

S8: Investigate the E
ffect of C

ooling R
ate

S9: C
onsider the A

ddition of A
ntisolvent

U
ser Input:

W
ith a m

edian size of 32 µ
m

 under the current
conditions, I w

ant to grow
 crystals w

ith a m
edian

of 50 µ
m

. W
hat process m

odifications w
ould m

ost
effectively achieve this goal? G

iven the current
crystallization process, w

hich begins w
ith a

solution volum
e of 0.100 L

, a
solvent-to-antisolvent ratio of 5:95, and a crude

concentration of 35 g/L
, w

ith 10 w
t%

 seed loading
and an initial tem

perature of 63.0 °C
 follow

ed by
a 12-hour cooling phase starting at 6 hours at a

rate of 5.25 °C
/h.

Task D
escription

contributes_to

S1.1: U
se the `seed_loading_com

parative_study`
function to com

pare the current seed loading of
10 w

t%
 w

ith a higher value to assess its im
pact

on crystal grow
th and nucleation. T

his w
ill help

determ
ine if increasing seed loading can

contribute to achieving a larger m
edian crystal

size.

m
otivates

S2.1: U
tilize the `seed_d50_com

parative_study`
function to com

pare the current seed d50 value
w

ith a larger value to understand how
 the initial

seed size distribution affects the final crystal
size. T

his step w
ill help identify if larger

initial seeds can prom
ote the grow

th of larger
crystals.

m
otivates

S3.1: A
pply the

`solution_volum
e_com

parative_study` function to
com

pare the current solution volum
e of 0.100 L

w
ith a larger volum

e to evaluate its effect on
supersaturation and crystal grow

th. T
his step

w
ill help determ

ine if increasing the solution
volum

e can facilitate the grow
th of larger

crystals.

m
otivates

S4.1: U
se the

`crude_concentration_com
parative_study` function

to com
pare the current crude concentration of 35

g/L
 w

ith a higher concentration to assess its
influence on saturation levels and crystal

grow
th. T

his w
ill help determ

ine if a higher
concentration can lead to larger crystal sizes.

m
otivates

S5.1: E
m

ploy the
`initial_tem

perature_com
parative_study` function

to com
pare the current initial tem

perature of
63.0 °C

 w
ith a low

er tem
perature to evaluate its

im
pact on solubility and crystallization

kinetics. T
his step w

ill help determ
ine if a

low
er initial tem

perature can prom
ote the grow

th
of larger crystals.

m
otivates

S6.1: U
se the

`cooling_start_tim
e_com

parative_study` function
to com

pare the current cooling start tim
e of 6

hours w
ith an earlier start tim

e to study its
effect on crystallization dynam

ics. T
his step

w
ill help determ

ine if starting the cooling phase
earlier can lead to larger crystal sizes.

m
otivates

S7.1: A
pply the

`cooling_duration_com
parative_study` function to

com
pare the current cooling duration of 12 hours

w
ith a longer duration to assess its im

pact on
crystal grow

th. T
his step w

ill help determ
ine if

extending the cooling duration can facilitate the
grow

th of larger crystals.

m
otivates

S8.1: U
tilize the

`cooling_rate_com
parative_study` function to

com
pare the current cooling rate of 5.25 °C

/h
w

ith a slow
er rate to evaluate its im

pact on
crystallization behavior. T

his step w
ill help

determ
ine if a slow

er cooling rate can prom
ote

the grow
th of larger crystals.

m
otivates

S9.1: Since no antisolvent is currently added,
consider the potential im

pact of introducing an
antisolvent addition strategy. U

se the
`antisolvent_volum

e_com
parative_study` function

to sim
ulate the effect of adding a sm

all volum
e

of antisolvent on crystal grow
th. T

his step w
ill

help determ
ine if antisolvent addition can

contribute to achieving larger crystal sizes.

m
otivates

E
1: To evaluate the im

pact of seed loading on crystal grow
th, w

e w
ill use the

`seed_loading_com
parative_study` function. T

he current seed loading is 10 w
t%

,
and w

e w
ill com

pare it w
ith a higher value to assess its im

pact on crystal
grow

th and nucleation. L
et's choose a m

odified seed loading value of 15 w
t%

 for
this com

parison.
H

ere is the Python code to execute:
```python

seed_loading_com
parative_study(initial_value=

0.10, m
odified_value=

0.15,
current_step_index=

"step_1.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith seed_loading =

 0.1
Sim

ulate w
ith seed_loading =

 0.15
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields
E

2: W
e w

ill now
 assess the effect of the initial seed size distribution on the

final crystal size. T
he `seed_d50_com

parative_study` function w
ill help us

com
pare the current seed d50 value (28.5 µ

m
) w

ith a larger one, w
hich m

ight
prom

ote the grow
th of larger crystals. L

et's choose a m
odified seed d50 value

of 35 µ
m

.
H

ere is the Python code to execute:
```python

seed_d50_com
parative_study(initial_value=

28.5, m
odified_value=

35.0,
current_step_index=

"step_2.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith seed_d50 =

 28.5
Sim

ulate w
ith seed_d50 =

 35.0
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields
E

3: W
e w

ill now
 investigate the influence of solution volum

e at seeding on
crystal grow

th. U
sing the `solution_volum

e_com
parative_study` function, w

e'll
com

pare the current solution volum
e of 0.100 L

 w
ith a larger volum

e to evaluate
its effect on supersaturation and crystallization behavior. L

et's choose a
m

odified solution volum
e of 0.150 L

 for this com
parison.

H
ere is the Python code to execute:

```python
solution_volum

e_com
parative_study(initial_value=

0.100, m
odified_value=

0.150,
current_step_index=

"step_3.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith solution_volum

e_at_seeding =
 0.1

Sim
ulate w

ith solution_volum
e_at_seeding =

 0.15
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields

E
4: To explore the im

pact of crude concentration at seeding on crystal grow
th,

w
e w

ill utilize the `crude_concentration_com
parative_study` function. T

he
current crude concentration is 35 g/L

. W
e'll com

pare this against a higher
concentration of 45 g/L

.
H

ere is the Python code to execute:
```python

crude_concentration_com
parative_study(initial_value=

35, m
odified_value=

45,
current_step_index=

"step_4.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith crude_concentration_at_seeding =

 35
Sim

ulate w
ith crude_concentration_at_seeding =

 45
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.
yields

E
5: N

ext, w
e need to analyze the effect of the initial tem

perature on
crystallization. W

e'll use the `initial_tem
perature_com

parative_study` function
to com

pare the current initial tem
perature of 63.0 °C

 w
ith a low

er tem
perature.

L
et's assum

e a m
odified initial tem

perature of 58.0 °C
 for this com

parison to
see if a low

er tem
perature prom

otes the grow
th of larger crystals.

H
ere is the Python code to execute:

```python
initial_tem

perature_com
parative_study(initial_value=

63.0, m
odified_value=

58.0,
current_step_index=

"step_5.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith initial_tem

perature =
 63.0

Sim
ulate w

ith initial_tem
perature =

 58.0
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields

E
6: N

ext, w
e w

ill exam
ine the effect of the cooling start tim

e on the
crystallization process using the `cooling_start_tim

e_com
parative_study`

function. T
he current cooling start tim

e is 6 hours. L
et's com

pare it w
ith an

earlier start tim
e to understand its im

pact on crystallization dynam
ics. W

e'll
choose a m

odified cooling start tim
e of 4 hours.

H
ere is the Python code to execute:

```python
cooling_start_tim

e_com
parative_study(initial_value=

6.0, m
odified_value=

4.0,
current_step_index=

"step_6.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith cooling_start_tim

e =
 6.0

Sim
ulate w

ith cooling_start_tim
e =

 4.0
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields

E
7: N

ext, w
e w

ill evaluate the influence of cooling duration on crystal grow
th

by using the `cooling_duration_com
parative_study` function. T

he current cooling
duration is 12 hours. L

et's com
pare this w

ith a longer cooling duration of 16
hours to assess its im

pact on the crystallization process.
H

ere is the Python code to execute:
```python

cooling_duration_com
parative_study(initial_value=

12.0, m
odified_value=

16.0,
current_step_index=

"step_7.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith cooling_duration =

 12.0
Sim

ulate w
ith cooling_duration =

 16.0
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields

E
8: N

ext, w
e w

ill evaluate the im
pact of the cooling rate on crystal grow

th
using the `cooling_rate_com

parative_study` function. T
he current cooling rate

is 5.25 °C
/h, and w

e w
ill com

pare it w
ith a slow

er rate to see its effect on
crystallization behavior. L

et's choose a cooling rate of 4.0 °C
/h for this

com
parison.

H
ere is the Python code to execute:

```python
cooling_rate_com

parative_study(initial_value=
5.25, m

odified_value=
4.0,

current_step_index=
"step_8.1")

```
✅

 T
he code has been successfully executed:
Sim

ulate w
ith cooling_rate =

 5.25
Sim

ulate w
ith cooling_rate =

 4.0
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields

E
9: In this step, w

e w
ill investigate the potential im

pact of introducing an
antisolvent addition strategy on crystal grow

th. Since no antisolvent is
currently added, w

e w
ill use the `antisolvent_volum

e_com
parative_study`

function to sim
ulate the effect of adding a sm

all volum
e of antisolvent. W

e can
choose a m

odified antisolvent volum
e of, for exam

ple, 0.02 L
.

H
ere is the Python code to execute:

```python
antisolvent_volum

e_com
parative_study(initial_value=

0.00, m
odified_value=

0.02,
current_step_index=

"step_9.1")
```

✅
 T

he code has been successfully executed:
Sim

ulate w
ith antisolvent_addition_volum

e =
 0.0

Sim
ulate w

ith antisolvent_addition_volum
e =

 0.02
T

he sim
ulation results are visualized in a com

bined plot im
age and saved as a

file. Please proceed to the next step.

yields

E
1_im

g

is_evidenced_by 
 (sim

ulation function executed)

# K
ey differences

1. **A
PI Solid Phase M

ass**: T
he m

ass increases m
ore rapidly and reaches a higher final value w

ith
seed_loading =

 0.15 com
pared to 0.10. A

t 20 hours, the m
ass is approxim

ately 0.0038 kg for
seed_loading =

 0.15 and 0.0035 kg for seed_loading =
 0.10.

2. **d50 (M
edian Particle Size)**: T

he d50 value is consistently higher for seed_loading =
 0.10,

reaching about 33 µ
m

, w
hile for seed_loading =

 0.15, it reaches around 31 µ
m

 at 20 hours.
3. **PSD

 W
idth (d90–d10 G

ap)**: T
he gap decreases over tim

e for both conditions, but is slightly
narrow

er for seed_loading =
 0.15, indicating a m

ore uniform
 particle size distribution.

4. **Supersaturation &
 M

Z
W

**: Supersaturation levels are sim
ilar for both conditions, but the

M
etastable Z

one W
idth (M

Z
W

) is higher for seed_loading =
 0.15, suggesting a broader range of stable

conditions for crystal grow
th.

# A
spect-by-aspect answ

ers
1. **A

PI Solid Phase M
ass**: Increasing seed_loading from

 0.10 to 0.15 results in a higher
solid-phase m

ass, indicating m
ore m

aterial is crystallizing. T
his suggests that higher seed loading

prom
otes faster nucleation and grow

th, but m
ay not directly lead to larger m

edian crystal sizes.
2. **d50 (M

edian Particle Size)**: To achieve a m
edian size of 50 µ

m
, reducing seed loading m

ight
be beneficial, as seed_loading =

 0.10 results in larger m
edian sizes com

pared to 0.15. Further
reduction in seed loading could potentially increase the m

edian size by reducing nucleation rates
and allow

ing m
ore grow

th per crystal.
3. **PSD

 W
idth (d90–d10 G

ap)**: A
 narrow

er PSD
 w

idth w
ith seed_loading =

 0.15 suggests m
ore uniform

crystals, but not necessarily larger ones. To grow
 larger crystals, focusing on conditions that

favor grow
th over nucleation, such as low

er seed loading, m
ight be m

ore effective.
4. **Supersaturation &

 M
Z

W
**: T

he sim
ilar supersaturation profiles suggest that changes in seed

loading do not significantly affect supersaturation levels. H
ow

ever, the broader M
Z

W
 w

ith
seed_loading =

 0.15 indicates m
ore stable conditions, w

hich m
ight be leveraged by adjusting other

param
eters like tem

perature or solvent to favor grow
th.

# Sum
m

ary of this controlled experim
ent: seed_loading =

 0.10 and 0.15
T

he experim
ent show

s that increasing seed loading from
 0.10 to 0.15 enhances the overall

crystallization rate and results in a m
ore uniform

 particle size distribution. H
ow

ever, it does not
favor the grow

th of larger m
edian-sized crystals. To achieve a m

edian size of 50 µ
m

, reducing seed
loading could be a m

ore effective strategy, as it allow
s for greater grow

th per crystal by reducing
com

petition from
 nucleation. A

djusting other param
eters, such as tem

perature or solvent
com

position, in conjunction w
ith low

er seed loading, m
ay further prom

ote the grow
th of larger

crystals.

interpretation

E
xperim

ent: Seed L
oading

Findings: Increasing seed loading from
 0.10 to 0.15 enhances the

crystallization rate and results in a m
ore uniform

 particle size distribution.
H

ow
ever, it does not favor the grow

th of larger m
edian-sized crystals, as the

d50 is higher for seed_loading =
 0.10.

A
ctionable Insights: To achieve a m

edian size of 50 µ
m

, reduce seed loading to
allow

 for greater grow
th per crystal by m

inim
izing nucleation rates.

E
xperim

ent: Seed d50
Findings: Seed_d50 =

 35.0 leads to faster m
ass accum

ulation and a narrow
er PSD

,
but w

ith a low
er d50 com

pared to seed_d50 =
 28.5. T

he higher initial seed size
prom

otes quicker grow
th but not larger m

edian sizes.
A

ctionable Insights: Increase the initial seed size beyond 35.0 and optim
ize

supersaturation levels to achieve a m
edian size of 50 µ

m
.

E
xperim

ent: Solution V
olum

e
Findings: Increasing solution volum

e from
 0.100 to 0.150 results in higher

solid phase m
ass, larger m

edian particle size, and a narrow
er PSD

 w
idth. T

his
suggests that a larger solution volum

e prom
otes m

ore nucleation and grow
th.

A
ctionable Insights: Further increase the solution volum

e or optim
ize other

conditions to effectively grow
 crystals w

ith a m
edian size of 50 µ

m
.

E
xperim

ent: C
rude C

oncentration
Findings: Increasing crude concentration from

 35 to 45 enhances
crystallization, leading to larger m

edian particle sizes, higher solid phase
m

ass, and m
ore uniform

 particle size distribution.
A

ctionable Insights: Further increase the concentration or extend the
crystallization tim

e to achieve a m
edian size of 50 µ

m
.

E
xperim

ent: Initial Tem
perature

Findings: Initial_tem
perature =

 58.0 results in higher A
PI solid-phase m

ass and
a narrow

er PSD
 w

idth, indicating m
ore uniform

 crystal grow
th. T

he higher
initial supersaturation suggests potential for larger crystal grow

th.
A

ctionable Insights: O
ptim

ize the cooling rate and supersaturation profile to
extend the grow

th phase w
hile m

inim
izing nucleation to achieve a m

edian size of
50 µ

m
.

E
xperim

ent: C
ooling Start

Findings: Starting cooling earlier (cooling_start =
 4.0) leads to faster

nucleation and grow
th, resulting in sm

aller m
edian crystal sizes and a narrow

er
PSD

 w
idth.

A
ctionable Insights: D

elay the cooling start further or reduce the cooling rate
to allow

 for m
ore controlled grow

th and larger crystal form
ation.

E
xperim

ent: C
ooling D

uration
Findings: E

xtending the cooling duration from
 12.0 to 16.0 hours does not

significantly im
pact the final m

edian particle size, w
hich stabilizes around 32

µ
m

.
A

ctionable Insights: E
xtend the cooling duration beyond 16.0 hours or adjust

the cooling rate to achieve a m
edian size of 50 µ

m
.

E
xperim

ent: C
ooling R

ate
Findings: A

 higher cooling rate of 5.25 leads to faster crystallization, larger
m

edian particle sizes, and a narrow
er PSD

 w
idth, but increased supersaturation

can lead to excessive nucleation.
A

ctionable Insights: O
ptim

ize the cooling profile and control supersaturation
to reduce nucleation events and achieve a m

edian size of 50 µ
m

.
E

xperim
ent: A

ntisolvent V
olum

e
Findings: V

arying the antisolvent volum
e betw

een 0.00 and 0.02 does not
significantly im

pact the A
PI solid-phase m

ass, m
edian particle size, or PSD

w
idth.

A
ctionable Insights: A

djust crystallization tim
e, tem

perature, or
supersaturation levels to achieve the target m

edian size of 50 µ
m

.

is_sum
m

arized_as

E
2_im

g

is_evidenced_by 
 (sim

ulation function executed)

# K
ey differences

1. **A
PI Solid Phase M

ass**: B
oth conditions show

 an increase in m
ass over tim

e, but seed_d50 =
35.0 reaches a higher m

ass m
ore quickly than seed_d50 =

 28.5.
2. **d50**: For seed_d50 =

 28.5, d50 initially decreases, then increases steadily, reaching around
30 µ

m
. For seed_d50 =

 35.0, d50 starts low
er and rem

ains relatively constant, around 5 µ
m

.
3. **PSD

 W
idth (d90–d10 gap)**: T

he gap decreases m
ore rapidly and stabilizes at a low

er value for
seed_d50 =

 35.0 com
pared to seed_d50 =

 28.5.
4. **Supersaturation &

 M
Z

W
**: Supersaturation is higher for seed_d50 =

 35.0, w
ith M

Z
W

 also being
higher, indicating a broader m

etastable zone.
# A

spect-by-aspect answ
ers

1. **A
PI Solid Phase M

ass**: To increase the m
edian size to 50 µ

m
, consider optim

izing the grow
th

phase. T
he faster m

ass increase for seed_d50 =
 35.0 suggests that higher initial seed sizes m

ay
prom

ote quicker grow
th, but adjustm

ents in supersaturation levels could be necessary to support
larger crystal grow

th.
2. **d50**: T

he goal of reaching a m
edian size of 50 µ

m
 is not achieved under current conditions.

For seed_d50 =
 28.5, d50 increases over tim

e, suggesting potential for grow
th. Increasing the

initial seed size or adjusting process param
eters like tem

perature or concentration could help
achieve larger m

edian sizes.
3. **PSD

 W
idth (d90–d10 gap)**: A

 narrow
er PSD

 w
idth for seed_d50 =

 35.0 indicates m
ore uniform

crystal sizes. To achieve a m
edian of 50 µ

m
, m

aintaining a controlled environm
ent w

ith consistent
supersaturation and tem

perature could help in achieving uniform
 grow

th.
4. **Supersaturation &

 M
Z

W
**: H

igher supersaturation for seed_d50 =
 35.0 suggests potential for

rapid nucleation. To grow
 larger crystals, m

aintaining a low
er, stable supersaturation m

ight be
beneficial, allow

ing for grow
th rather than nucleation.

# Sum
m

ary of this controlled experim
ent: seed_d50 =

 28.5 and 35.0
T

he experim
ent show

s that seed_d50 =
 35.0 leads to faster m

ass accum
ulation and a narrow

er PSD
, but

w
ith a low

er d50. To achieve a m
edian size of 50 µ

m
, consider increasing the initial seed size

beyond 35.0, optim
izing supersaturation levels, and ensuring stable grow

th conditions. A
djustm

ents
in tem

perature, concentration, and seeding strategy could be key to achieving the desired crystal
size.

interpretation

is_sum
m

arized_as

E
3_im

g

is_evidenced_by 
 (sim

ulation function executed)

# K
ey differences

1. **A
PI Solid Phase M

ass**: T
he m

ass of the solid phase is higher for solution_volum
e =

 0.150
com

pared to 0.100 throughout the experim
ent. A

t 20 hours, the m
ass is approxim

ately 0.005 kg for
0.150 and 0.003 kg for 0.100.

2. **d50 (M
edian Particle Size)**: T

he d50 value is consistently higher for solution_volum
e =

0.150. A
t the end of the experim

ent, d50 reaches around 32 µ
m

 for 0.150, w
hile it is slightly low

er
for 0.100.

3. **PSD
 W

idth (d90–d10 G
ap)**: T

he PSD
 w

idth decreases over tim
e for both conditions, but the gap

is slightly narrow
er for solution_volum

e =
 0.150, indicating a m

ore uniform
 particle size

distribution.
4. **Supersaturation &

 M
Z

W
**: Supersaturation levels are higher for solution_volum

e =
 0.150, w

ith a
m

ore stable profile com
pared to 0.100. T

he m
etastable zone w

idth (M
Z

W
) is also larger for 0.150,

suggesting a broader range for stable crystal grow
th.

# A
spect-by-aspect answ

ers
1. **A

PI Solid Phase M
ass**: Increasing the solution volum

e at seeding from
 0.100 to 0.150 results

in a higher solid phase m
ass. T

his suggests that a larger solution volum
e prom

otes m
ore nucleation

and grow
th, w

hich could be beneficial for achieving larger crystal sizes.
2. **d50 (M

edian Particle Size)**: T
he d50 value is higher for solution_volum

e =
 0.150, indicating

that increasing the solution volum
e can lead to larger m

edian particle sizes. To achieve a m
edian

size of 50 µ
m

, further increasing the solution volum
e or optim

izing other param
eters like

tem
perature or concentration m

ight be necessary.
3. **PSD

 W
idth (d90–d10 G

ap)**: A
 narrow

er PSD
 w

idth for solution_volum
e =

 0.150 suggests a m
ore

uniform
 particle size distribution. T

his uniform
ity is advantageous for controlled grow

th,
potentially aiding in achieving larger m

edian sizes.
4. **Supersaturation &

 M
Z

W
**: H

igher supersaturation and a larger M
Z

W
 for solution_volum

e =
 0.150

indicate a m
ore favorable environm

ent for crystal grow
th. M

aintaining higher supersaturation levels
could help in grow

ing larger crystals, but care m
ust be taken to avoid excessive nucleation.

# Sum
m

ary of this controlled experim
ent: solution_volum

e =
 0.100 and 0.150

Increasing the solution volum
e from

 0.100 to 0.150 results in higher solid phase m
ass, larger

m
edian particle size, narrow

er PSD
 w

idth, and m
ore stable supersaturation profiles. T

hese changes
suggest that further increasing the solution volum

e or optim
izing other conditions could

effectively grow
 crystals w

ith a m
edian size of 50 µ

m
. T

he experim
ent highlights the im

portance of
solution volum

e in controlling crystal size and distribution, providing a pathw
ay for achieving the

desired crystal grow
th.

interpretation
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m
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E
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g

is_evidenced_by 
 (sim

ulation function executed)

# K
ey differences

1. **A
PI Solid Phase M

ass**: T
he m

ass increases m
ore rapidly and reaches a higher final value at

crude_concentration =
 45 com

pared to 35. A
t 20 hours, the m

ass is approxim
ately 0.0045 kg for 45

and 0.0035 kg for 35.
2. **d50 (M

edian Particle Size)**: T
he d50 value grow

s faster and reaches a higher final size at
crude_concentration =

 45. A
t 20 hours, d50 is about 32 µ

m
 for 45 and 30 µ

m
 for 35.

3. **PSD
 W

idth (d90–d10 G
ap)**: T

he gap decreases m
ore quickly and stabilizes at a low

er value for
crude_concentration =

 45. A
t 20 hours, the gap is around 20 µ

m
 for 45 and 25 µ

m
 for 35.

4. **Supersaturation &
 M

Z
W

**: Supersaturation is initially higher for crude_concentration =
 45, but

both conditions stabilize around sim
ilar values. T

he M
etastable Z

one W
idth (M

Z
W

) is w
ider for 45,

indicating a broader range of stable conditions for crystal grow
th.

# A
spect-by-aspect answ

ers
1. **A

PI Solid Phase M
ass**: Increasing the crude concentration from

 35 to 45 results in a higher
solid phase m

ass, indicating m
ore m

aterial is available for crystal grow
th. T

his suggests that
higher concentrations prom

ote m
ore nucleation and grow

th, w
hich could be beneficial for achieving

larger crystals.
2. **d50 (M

edian Particle Size)**: T
he higher crude concentration leads to a larger d50, reaching

approxim
ately 32 µ

m
 at 20 hours. To achieve a m

edian size of 50 µ
m

, further increasing the
concentration or extending the crystallization tim

e m
ight be necessary, as higher concentrations

prom
ote faster grow

th.
3. **PSD

 W
idth (d90–d10 G

ap)**: A
 narrow

er PSD
 w

idth at higher concentrations suggests m
ore uniform

crystal grow
th. T

his uniform
ity can be advantageous for achieving larger m

edian sizes, as it
indicates consistent grow

th conditions.
4. **Supersaturation &

 M
Z

W
**: T

he higher initial supersaturation at crude_concentration =
 45

supports faster nucleation and grow
th. M

aintaining a higher supersaturation for longer periods
could help in reaching the desired m

edian size of 50 µ
m

. A
djusting the cooling rate or seeding

strategy m
ight also be effective.

# Sum
m

ary of this controlled experim
ent: crude_concentration =

 35 and 45
Increasing the crude concentration from

 35 to 45 enhances the overall crystallization process,
leading to larger m

edian particle sizes, higher solid phase m
ass, and m

ore uniform
 particle size

distribution. To achieve a m
edian size of 50 µ

m
, further increasing the concentration, extending

the crystallization tim
e, or optim

izing supersaturation levels could be effective strategies. T
he

results suggest that higher concentrations prom
ote m

ore rapid and uniform
 crystal grow

th, w
hich

aligns w
ith the goal of achieving larger crystals.

interpretation

is_sum
m

arized_as

E
5_im

g

is_evidenced_by 
 (sim

ulation function executed)

# K
ey differences

1. **A
PI Solid Phase M

ass**: A
t both initial tem

peratures, the A
PI solid-phase m

ass increases over
tim

e, but the m
ass is slightly higher for the initial_tem

perature =
 58.0 condition throughout the

process.
2. **d50 (M

edian Particle Size)**: T
he d50 value starts low

er for initial_tem
perature =

 58.0 but
eventually surpasses the d50 for initial_tem

perature =
 63.0, reaching a sim

ilar final value around
32 µ

m
.

3. **PSD
 W

idth (d90–d10 G
ap)**: T

he PSD
 w

idth decreases over tim
e for both conditions, w

ith
initial_tem

perature =
 58.0 show

ing a slightly narrow
er distribution throughout the process.

4. **Supersaturation &
 M

Z
W

**: T
he supersaturation profiles differ, w

ith initial_tem
perature =

 58.0
show

ing higher supersaturation levels initially. T
he M

etastable Z
one W

idth (M
Z

W
) is also w

ider for
initial_tem

perature =
 58.0.

# A
spect-by-aspect answ

ers
1. **A

PI Solid Phase M
ass**: To increase the m

edian size to 50 µ
m

, consider extending the
crystallization tim

e or adjusting the cooling rate. T
he higher m

ass at initial_tem
perature =

 58.0
suggests that a slow

er cooling rate m
ight prom

ote larger crystal grow
th.

2. **d50 (M
edian Particle Size)**: Since the d50 reaches a sim

ilar value for both conditions,
increasing the initial supersaturation or extending the grow

th phase could help achieve a larger
m

edian size. T
he initial dip in d50 for both conditions indicates nucleation, w

hich should be
m

inim
ized for larger crystals.

3. **PSD
 W

idth (d90–d10 G
ap)**: A

 narrow
er PSD

 w
idth at initial_tem

perature =
 58.0 suggests m

ore
uniform

 crystal grow
th. To achieve a larger m

edian size w
ith uniform

ity, control nucleation and
grow

th rates by optim
izing tem

perature profiles and supersaturation levels.
4. **Supersaturation &

 M
Z

W
**: T

he higher initial supersaturation at initial_tem
perature =

 58.0
could be leveraged to prom

ote larger crystal grow
th by carefully m

anaging the cooling rate to
m

aintain supersaturation w
ithout excessive nucleation.

# Sum
m

ary of this controlled experim
ent: initial_tem

perature =
 63.0 and 58.0

T
he experim

ent show
s that initial_tem

perature =
 58.0 results in higher A

PI solid-phase m
ass and a

narrow
er PSD

 w
idth, indicating m

ore uniform
 crystal grow

th. T
he higher initial supersaturation and

w
ider M

Z
W

 at this tem
perature suggest potential for larger crystal grow

th if nucleation is
controlled. To achieve a m

edian size of 50 µ
m

, consider optim
izing the cooling rate and

supersaturation profile to extend the grow
th phase w

hile m
inim

izing nucleation.
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# K
ey differences

1. **A
PI Solid Phase M

ass**: T
he solid-phase m

ass increases m
ore rapidly for cooling_start =

 4.0
com

pared to 6.0, reaching a sim
ilar final m

ass but at a faster rate.
2. **d50 (M

edian Particle Size)**: T
he d50 value for cooling_start =

 4.0 initially decreases m
ore

sharply but then increases m
ore rapidly, reaching a slightly higher final value com

pared to
cooling_start =

 6.0.
3. **PSD

 W
idth (d90–d10 G

ap)**: T
he PSD

 w
idth decreases m

ore quickly for cooling_start =
 4.0,

stabilizing at a low
er value than cooling_start =

 6.0.
4. **Supersaturation &

 M
Z

W
**: Supersaturation levels are initially higher for cooling_start =

 4.0,
w

ith a m
ore pronounced decrease and subsequent increase. T

he M
Z

W
 (M

etastable Z
one W

idth) is w
ider

for cooling_start =
 4.0, indicating a broader range of conditions for nucleation and grow

th.
# A

spect-by-aspect answ
ers

1. **A
PI Solid Phase M

ass**: To increase the m
edian size to 50 µ

m
, consider extending the tim

e at
w

hich the solid-phase m
ass increases. T

his could involve adjusting the cooling rate or starting the
cooling process later, as a slow

er increase in m
ass m

ight allow
 for larger crystal grow

th.
2. **d50 (M

edian Particle Size)**: T
he d50 plot suggests that starting cooling later (e.g.,

cooling_start =
 6.0) results in a slow

er but m
ore stable increase in m

edian size. To achieve a
m

edian size of 50 µ
m

, further delaying the cooling start or reducing the cooling rate m
ight be

effective, allow
ing m

ore tim
e for crystal grow

th.
3. **PSD

 W
idth (d90–d10 G

ap)**: A
 narrow

er PSD
 w

idth indicates m
ore uniform

 crystal sizes. T
he

cooling_start =
 4.0 condition results in a narrow

er PSD
 w

idth, suggesting that a m
ore controlled

cooling process could help achieve larger, m
ore uniform

 crystals.
4. **Supersaturation &

 M
Z

W
**: H

igher initial supersaturation and a w
ider M

Z
W

 for cooling_start =
4.0 suggest m

ore nucleation events, leading to sm
aller crystals. To grow

 larger crystals, reducing
initial supersaturation or narrow

ing the M
Z

W
 m

ight be beneficial, possibly by adjusting the cooling
profile or using additives to control nucleation.

# Sum
m

ary of this controlled experim
ent: cooling_start =

 6.0 and 4.0
T

he experim
ent show

s that starting cooling earlier (cooling_start =
 4.0) leads to faster nucleation

and grow
th, resulting in sm

aller m
edian crystal sizes and a narrow

er PSD
 w

idth. To achieve a m
edian

size of 50 µ
m

, it m
ay be effective to delay the cooling start further or reduce the cooling rate,

allow
ing for m

ore controlled grow
th and larger crystal form

ation. A
djusting supersaturation and M

Z
W

through process m
odifications could also support the grow

th of larger crystals.
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# K
ey differences

1. **A
PI Solid Phase M

ass**: B
oth cooling durations show

 sim
ilar trends in solid-phase m

ass
accum

ulation over tim
e, w

ith no significant differences in the final m
ass achieved.

2. **d50 (M
edian Particle Size)**: T

he d50 values for both cooling durations follow
 a sim

ilar
pattern, w

ith an initial decrease follow
ed by an increase. T

he final d50 values are nearly
identical, reaching around 32 µ

m
.

3. **PSD
 W

idth (d90–d10 G
ap)**: B

oth conditions show
 a rapid decrease in PSD

 w
idth initially,

stabilizing around 30 µ
m

. T
he trends are sim

ilar for both cooling durations.
4. **Supersaturation &

 M
Z

W
**: Supersaturation profiles differ slightly, w

ith the 16.0-hour duration
show

ing a higher supersaturation level tow
ards the end. T

he m
etastable zone w

idth (M
Z

W
) is higher

for the 16.0-hour duration, indicating a broader range of stable conditions.
# A

spect-by-aspect answ
ers

1. **A
PI Solid Phase M

ass**: Since the m
ass accum

ulation is sim
ilar for both durations, changing

the cooling duration alone m
ay not significantly im

pact the m
edian size. O

ther param
eters, such as

seeding or concentration, m
ight need adjustm

ent.
2. **d50 (M

edian Particle Size)**: To achieve a m
edian size of 50 µ

m
, consider extending the

cooling duration beyond 16.0 hours or adjusting other param
eters like cooling rate or initial

concentration. T
he current conditions stabilize around 32 µ

m
, so further grow

th requires different
strategies.

3. **PSD
 W

idth (d90–d10 G
ap)**: T

he PSD
 w

idth stabilizes sim
ilarly for both durations, suggesting

that sim
ply extending the duration m

ay not w
iden the size distribution enough to achieve larger

m
edian sizes. C

onsider m
odifying nucleation or grow

th conditions.
4. **Supersaturation &

 M
Z

W
**: T

he higher supersaturation and M
Z

W
 for the 16.0-hour duration suggest

potential for further grow
th if the process is extended or if the cooling rate is adjusted to

m
aintain higher supersaturation longer.

# Sum
m

ary of this controlled experim
ent: cooling_duration =

 12.0 and 16.0
T

he experim
ent show

s that extending the cooling duration from
 12.0 to 16.0 hours does not

significantly im
pact the final m

edian particle size, w
hich stabilizes around 32 µ

m
. To achieve a

m
edian size of 50 µ

m
, further m

odifications are necessary, such as extending the cooling duration
beyond 16.0 hours, adjusting the cooling rate, or altering initial conditions like concentration or

seeding. T
he higher supersaturation and M

Z
W

 observed in the 16.0-hour duration indicate potential
for further grow

th, suggesting that m
aintaining higher supersaturation for longer periods could be

beneficial.
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1. **A
PI Solid Phase M

ass**: T
he m

ass increases m
ore rapidly w

ith a cooling rate of 5.25 com
pared

to 4.0, reaching a slightly higher final m
ass.

2. **d50 (M
edian Particle Size)**: T

he d50 value is consistently higher for a cooling rate of 5.25,
peaking at around 32 µ

m
, w

hile the 4.0 rate peaks slightly low
er.

3. **PSD
 W

idth (d90–d10 G
ap)**: T

he gap decreases m
ore quickly and stabilizes at a low

er value for
the 5.25 rate, indicating a narrow

er particle size distribution.
4. **Supersaturation &

 M
Z

W
**: Supersaturation is higher for the 5.25 rate, w

ith a m
ore pronounced

deviation from
 the m

etastable zone w
idth (M

Z
W

), suggesting m
ore nucleation events.

# A
spect-by-aspect answ

ers
1. **A

PI Solid Phase M
ass**: Increasing the cooling rate to 5.25 results in a faster and slightly

higher accum
ulation of solid m

ass. T
his suggests that a higher cooling rate prom

otes m
ore rapid

crystallization, w
hich could be beneficial for increasing crystal size if controlled properly.

2. **d50 (M
edian Particle Size)**: T

he d50 is higher w
ith a cooling rate of 5.25, indicating that a

faster cooling rate can lead to larger m
edian particle sizes. To achieve a m

edian size of 50 µ
m

,
further increasing the cooling rate or optim

izing other param
eters like seeding or solvent

com
position m

ight be necessary.
3. **PSD

 W
idth (d90–d10 G

ap)**: A
 faster cooling rate narrow

s the PSD
 w

idth m
ore effectively, w

hich
can help in achieving uniform

 crystal grow
th. T

his uniform
ity is crucial for grow

ing larger
crystals w

ithout excessive nucleation.
4. **Supersaturation &

 M
Z

W
**: H

igher supersaturation levels w
ith a cooling rate of 5.25 suggest

m
ore nucleation, w

hich can be counterproductive for grow
ing larger crystals. To grow

 larger
crystals, controlling supersaturation through seeding or adjusting the cooling profile m

ight be
necessary to reduce nucleation events.

# Sum
m

ary of this controlled experim
ent: cooling_rate =

 5.25 and 4.0
T

he experim
ent show

s that a higher cooling rate of 5.25 leads to faster crystallization, larger
m

edian particle sizes, and a narrow
er particle size distribution. H

ow
ever, the increased

supersaturation associated w
ith this rate can lead to excessive nucleation, w

hich m
ay hinder the

grow
th of larger crystals. To achieve a m

edian size of 50 µ
m

, further process m
odifications such as

optim
izing the cooling profile, controlling supersaturation, or im

plem
enting seeding strategies

should be considered.
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1. **A
PI Solid Phase M

ass**: B
oth conditions show

 sim
ilar trends in A

PI solid-phase m
ass over tim

e,
w

ith a gradual increase reaching around 0.0035 kg by 20 hours.
2. **d50 (M

edian Particle Size)**: T
he d50 values for both conditions start around 28 µ

m
, decrease

initially, and then increase to stabilize around 32 µ
m

 by 20 hours. T
here is no significant

difference betw
een the tw

o conditions.
3. **PSD

 W
idth (d90–d10 G

ap)**: B
oth conditions show

 a rapid decrease in PSD
 w

idth from
 around 100

µ
m

 to about 30 µ
m

 w
ithin the first 5 hours, stabilizing thereafter. T

he trends are nearly identical.
4. **Supersaturation &

 M
Z

W
**: Supersaturation profiles are sim

ilar for both conditions, w
ith slight

variations. T
he M

Z
W

 (M
etastable Z

one W
idth) is slightly higher for the antisolvent_volum

e =
 0.02

condition.
# A

spect-by-aspect answ
ers

1. **A
PI Solid Phase M

ass**: T
he m

ass increase is consistent across both conditions, indicating
that antisolvent addition does not significantly im

pact the solid-phase m
ass under these conditions.

2. **d50 (M
edian Particle Size)**: To achieve a m

edian size of 50 µ
m

, m
odifications beyond

antisolvent volum
e adjustm

ents are needed, as both conditions stabilize around 32 µ
m

. C
onsider

increasing the crystallization tim
e or adjusting other param

eters like tem
perature or concentration.

3. **PSD
 W

idth (d90–d10 G
ap)**: T

he rapid decrease and stabilization of PSD
 w

idth suggest that
particle size distribution is not significantly affected by the antisolvent volum

e. O
ther process

param
eters m

ay need adjustm
ent to achieve a larger m

edian size.
4. **Supersaturation &

 M
Z

W
**: T

he slight increase in M
Z

W
 w

ith antisolvent addition suggests a
potential for larger crystal grow

th, but the current conditions do not achieve the desired m
edian

size. E
xploring higher supersaturation levels or different antisolvent types m

ight be beneficial.
# Sum

m
ary of this controlled experim

ent: antisolvent_volum
e =

 0.00 and 0.02
T

he experim
ent show

s that varying the antisolvent volum
e betw

een 0.00 and 0.02 does not
significantly im

pact the A
PI solid-phase m

ass, m
edian particle size (d50), or PSD

 w
idth. B

oth
conditions result in a m

edian particle size of approxim
ately 32 µ

m
, w

hich is below
 the desired 50

µ
m

. T
he slight increase in M

Z
W

 w
ith antisolvent addition suggests potential for larger crystal

grow
th, but further process m

odifications, such as adjusting crystallization tim
e, tem

perature, or
supersaturation levels, are necessary to achieve the target m

edian size.
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Task Sample 1 (Ablation: No Simulation integration)



R1

R2

R3

R4

S1: Analyze the current crystallization process
parameters.

S2: Identify potential modifications to increase
crystal size.

S3: Assess the feasibility and implications of
proposed modifications.

S4: Develop a strategy for implementing the
modifications.

User Input:
With a median size of 32 µm under the current

conditions, I want to grow crystals with a median
of 50 µm. What process modifications would most

effectively achieve this goal? Given the current
crystallization process, which begins with a

solution volume of 0.100 L, a
solvent-to-antisolvent ratio of 5:95, and a crude

concentration of 35 g/L, with 10 wt% seed loading
and an initial temperature of 63.0 °C followed by
a 12-hour cooling phase starting at 6 hours at a

rate of 5.25 °C/h.

User Intention:
The user intends to modify their current

crystallization process to increase the median
crystal size from 32 µm to 50 µm. They are

seeking guidance on which process parameters
should be adjusted to achieve this goal

effectively.
is_interpreted_as

Task Articulation:
Determine the necessary modifications to the
current crystallization process to increase the
median crystal size from 32 µm to 50 µm.

is_interpreted_as
Task Description

contributes_to

contributes_to

contributes_to

R1: Analyze the current crystallization process
parameters.

derives

R2: Identify potential modifications to increase
crystal size.

derives

R3: Assess the feasibility and implications of
proposed modifications.

derives

R4: Develop a strategy for implementing the
modifications.

derives

R1.1: Review the initial solution volume and its
impact on crystal growth.

contains

R1.2: Evaluate the solvent-to-antisolvent ratio
and its influence on nucleation and growth.

contains

R1.3: Assess the crude concentration and its
effect on supersaturation levels.contains

R1.4: Consider the seed loading percentage and
its role in controlling crystal size.

contains

R1.5: Examine the initial temperature and cooling
rate for their impact on crystal growth dynamics.

contains

S1.1: Review the initial solution volume and its
impact on crystal growth.

motivates

S1.2: Evaluate the solvent-to-antisolvent ratio
and its influence on nucleation and growth.

motivates

S1.3: Assess the crude concentration and its
effect on supersaturation levels.

motivates

S1.4: Consider the seed loading percentage and
its role in controlling crystal size.

motivates

S1.5: Examine the initial temperature and cooling
rate for their impact on crystal growth dynamics.

motivates

R2.1: Explore adjustments to the
solvent-to-antisolvent ratio to favor larger

crystal growth.

contains

R2.2: Consider changes to the cooling rate to
optimize growth conditions.

contains

R2.3: Evaluate the possibility of altering seed
loading to influence crystal size distribution.

contains

R2.4: Investigate the impact of adjusting the
initial temperature on crystal growth.

contains

S2.1: Explore adjustments to the
solvent-to-antisolvent ratio to favor larger

crystal growth.

motivates

S2.2: Consider changes to the cooling rate to
optimize growth conditions.

motivates

S2.3: Evaluate the possibility of altering seed
loading to influence crystal size distribution.

motivates

S2.4: Investigate the impact of adjusting the
initial temperature on crystal growth.

motivates

R3.1: Analyze the potential impact of each
modification on the overall crystallization

process.
contains

R3.2: Consider the scalability and
reproducibility of the modified process.

contains

R3.3: Evaluate the potential trade-offs, such as
yield or purity, associated with each

modification.

contains

S3.1: Analyze the potential impact of each
modification on the overall crystallization

process.

motivates

S3.2: Consider the scalability and
reproducibility of the modified process.

motivates

S3.3: Evaluate the potential trade-offs, such as
yield or purity, associated with each

modification.

motivates

R4.1: Prioritize modifications based on their
expected effectiveness and feasibility.contains

R4.2: Design experiments to test the impact of
selected modifications on crystal size.

contains

R4.3: Establish criteria for evaluating the
success of the modifications in achieving the

desired crystal size.

contains

S4.1: Prioritize modifications based on their
expected effectiveness and feasibility.

motivates

S4.2: Design experiments to test the impact of
selected modifications on crystal size.

motivates

S4.3: Establish criteria for evaluating the
success of the modifications in achieving the

desired crystal size.

motivates

E1: The initial solution volume is 0.100 L. In crystallization processes, the
solution volume can influence the rate of nucleation and growth. A larger

volume might lead to a more uniform temperature distribution and potentially
slower nucleation rates, which can favor larger crystal growth. However, the
current volume is relatively small, which might lead to faster nucleation and
smaller crystals. This suggests that increasing the solution volume could be a

potential modification to explore in order to achieve larger crystal sizes.

yields

E2: The current solvent-to-antisolvent ratio is 5:95. A higher proportion of
antisolvent generally increases supersaturation, leading to higher nucleation

rates and smaller crystals. To favor larger crystal growth, it might be
beneficial to adjust this ratio to decrease the antisolvent proportion, thereby

reducing the nucleation rate and allowing more time for crystal growth.yields

E3: The crude concentration at seeding is 35 g/L. Higher concentrations can
lead to higher supersaturation, which typically increases nucleation rates and
results in smaller crystals. Reducing the crude concentration could decrease

supersaturation, potentially leading to fewer nucleation events and larger
crystals. This is another parameter that could be adjusted to achieve the

desired crystal size.

yields

E4: The seed loading is 10 wt%. Seed loading is crucial in controlling the
final crystal size distribution. Higher seed loading can lead to more uniform
crystal growth and potentially larger crystals, as the seeds provide a template

for growth rather than nucleation. Increasing the seed loading might be a
viable strategy to achieve larger crystals.

yields

E5: The initial temperature is 63.0 °C, with a cooling rate of 5.25 °C/h
starting at 6 hours for a duration of 12 hours. The cooling rate affects the
rate of supersaturation increase. A slower cooling rate can lead to larger

crystals as it allows more time for growth rather than nucleation. Adjusting
the cooling rate to be slower could be beneficial for achieving larger crystal

sizes.

yields

E6: To favor larger crystal growth, the solvent-to-antisolvent ratio could be
adjusted to decrease the proportion of antisolvent. This would reduce the

nucleation rate and allow more time for crystal growth. A potential
modification could be to try a ratio of 10:90 or 15:85, which would need to be

tested experimentally to determine its effectiveness.yields

E7: A slower cooling rate could be implemented to allow more time for crystal
growth. For example, reducing the cooling rate to 3 °C/h might be a feasible

modification. This would need to be tested to ensure it does not adversely
affect other aspects of the crystallization process, such as yield or purity.

yields

E8: Increasing the seed loading from 10 wt% to 15 wt% or 20 wt% could provide
more templates for crystal growth, potentially leading to larger crystals. This

modification would need to be tested to assess its impact on the overall
process and final crystal size distribution.

yields

E9: Lowering the initial temperature could reduce the initial supersaturation
level, potentially leading to fewer nucleation events and larger crystals. A

potential modification could be to start the process at 60 °C instead of 63 °C.
This would need to be tested to determine its impact on crystal growth.

yields

E10: Each proposed modification has the potential to impact the crystallization
process differently. Adjusting the solvent-to-antisolvent ratio, cooling rate,

seed loading, and initial temperature could all influence nucleation and growth
dynamics, potentially leading to larger crystals. However, these changes could
also affect yield, purity, and process scalability, which need to be considered.

yields

E11: The scalability and reproducibility of the modified process are crucial
for practical implementation. Modifications that require significant changes to
equipment or process conditions may be less feasible. It is important to ensure

that any changes can be consistently reproduced in larger-scale operations.

yields

E12: Each modification could have trade-offs, such as reduced yield or purity.
For example, a slower cooling rate might lead to larger crystals but could also
result in lower yield if the process time is extended. These trade-offs need to

be carefully evaluated to ensure that the desired crystal size is achieved
without compromising other important process parameters.

yields

E13: Based on the analysis, the most promising modifications to prioritize are:
1. Adjusting the solvent-to-antisolvent ratio to decrease the antisolvent

proportion.
2. Reducing the cooling rate to allow more time for crystal growth.

3. Increasing the seed loading to provide more templates for growth.
These modifications are expected to have the most significant impact on

increasing crystal size while being feasible to implement.

yields

E14: Experiments should be designed to test the impact of the prioritized
modifications on crystal size. This could involve setting up a series of trials
with different solvent-to-antisolvent ratios, cooling rates, and seed loadings
to determine the optimal conditions for achieving the desired crystal size.

yields

E15: The success criteria for the modifications should include achieving a
median crystal size of 50 µm, maintaining acceptable yield and purity levels,
and ensuring the process is scalable and reproducible. These criteria will help
determine whether the modifications have been successful in achieving the

desired outcome.

yields

Aspect: Solution Volume
Findings:

The initial solution volume of 0.100 L is relatively small, which may lead to
faster nucleation and smaller crystals. Increasing the solution volume could

potentially result in a more uniform temperature distribution and slower
nucleation rates, favoring larger crystal growth.

Actionable Insights:
Consider increasing the solution volume to explore its effect on achieving

larger crystal sizes.
Aspect: Solvent-to-Antisolvent Ratio

Findings:
The current ratio of 5:95 leads to high supersaturation and smaller crystals.

Reducing the antisolvent proportion could decrease nucleation rates and allow
more time for crystal growth.

Actionable Insights:
Adjust the solvent-to-antisolvent ratio to 10:90 or 15:85 to potentially

achieve larger crystals.
Aspect: Crude Concentration at Seeding

Findings:
A concentration of 35 g/L can lead to high supersaturation and increased
nucleation rates, resulting in smaller crystals. Lowering the concentration

could reduce supersaturation and favor larger crystal growth.
Actionable Insights:

Reduce the crude concentration at seeding to decrease nucleation events and
promote larger crystal growth.

Aspect: Seed Loading
Findings:

A seed loading of 10 wt% provides a template for growth, potentially leading to
larger crystals. Increasing seed loading could enhance uniform crystal growth

and size.
Actionable Insights:

Increase seed loading to 15 wt% or 20 wt% to provide more templates for crystal
growth and achieve larger crystals.

Aspect: Initial Temperature and Cooling Rate
Findings:

The initial temperature of 63.0 °C and a cooling rate of 5.25 °C/h may lead to
rapid supersaturation and smaller crystals. A slower cooling rate could allow

more time for crystal growth.
Actionable Insights:

Implement a slower cooling rate, such as 3 °C/h, to allow more time for crystal
growth and potentially achieve larger crystals.
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Task Sample 2 (Full System)
R1

R2

R3

R4

R5

S1: Analyze the current crystallization process
parameters.

S2: Investigate the cooling phase and temperature
profile.

S3: Identify potential adjustments to accelerate
crystallization.

S4: Identify potential adjustments to improve
yield.

S5: Validate the proposed adjustments through
experimentation or simulation.

User Input:
Given the current crystallization process, which

begins with a solution volume of 0.100 L, a
solvent-to-antisolvent ratio of 5:95, and a crude

concentration of 35 g/L, with 10 wt% seed loading
and an initial temperature of 63.0 °C followed by
a 12-hour cooling phase starting at 6 hours at a
rate of 5.25 °C/h, how can I adjust the process

conditions to accelerate crystallization and
achieve a better yield?

User Intention:
The user intends to modify the current

crystallization process to achieve two main
objectives: accelerate the crystallization

process and improve the yield of the crystallized
product. This involves adjusting process

parameters such as temperature,
solvent-to-antisolvent ratio, seed loading, and

cooling rate.

is_interpreted_as

Task Articulation:
The core task is to identify and adjust the

process conditions in the current crystallization
setup to speed up crystallization and enhance

yield.

is_interpreted_as
Task Description

contributes_to

contributes_to

contributes_to

R1: Analyze the current crystallization process
parameters.

derives

R2: Investigate the cooling phase and temperature
profile.

derives

R3: Identify potential adjustments to accelerate
crystallization.

derives

R4: Identify potential adjustments to improve
yield.

derives

R5: Validate the proposed adjustments through
experimentation or simulation.

derives

R1.1: Review the initial solution volume and its
impact on crystallization.

contains

R1.2: Evaluate the solvent-to-antisolvent ratio
and its effect on nucleation and growth.

contains

R1.3: Assess the crude concentration and its
influence on supersaturation levels.

contains

R1.4: Consider the seed loading percentage and
its role in nucleation.

contains

S1.1: Review the initial solution volume and its
impact on crystallization.

motivates

S1.2: Evaluate the solvent-to-antisolvent ratio
and its effect on nucleation and growth.

motivates

S1.3: Assess the crude concentration and its
influence on supersaturation levels.

motivates

S1.4: Consider the seed loading percentage and
its role in nucleation.

motivates

R2.1: Analyze the initial temperature and its
effect on solubility.

contains

R2.2: Evaluate the cooling rate and its impact on
crystal growth and size distribution.contains

R2.3: Consider the timing of the cooling phase
and its influence on process kinetics.

contains

S2.1: Analyze the initial temperature and its
effect on solubility.

motivates

S2.2: Evaluate the cooling rate and its impact on
crystal growth and size distribution.

motivates

S2.3: Consider the timing of the cooling phase
and its influence on process kinetics.

motivates

R3.1: Explore changes in solvent-to-antisolvent
ratio to enhance nucleation.

contains

R3.2: Consider increasing seed loading to promote
faster nucleation.

contains

R3.3: Adjust the cooling rate to optimize crystal
growth and prevent agglomeration.

contains

S3.1: Explore changes in solvent-to-antisolvent
ratio to enhance nucleation.

motivates

S3.2: Consider increasing seed loading to promote
faster nucleation. Use the function

`seed_loading_comparative_study` to simulate the
impact of different seed loading levels.

motivates

S3.3: Adjust the cooling rate to optimize crystal
growth and prevent agglomeration. Use the

function `cooling_rate_comparative_study` to
evaluate different cooling rates.

motivates

R4.1: Optimize the crude concentration to achieve
higher supersaturation.contains

R4.2: Modify the temperature profile to maximize
solute recovery.

contains

R4.3: Evaluate the impact of process adjustments
on crystal purity and size.

contains

S4.1: Optimize the crude concentration to achieve
higher supersaturation. Use the function

`crude_concentration_comparative_study` to assess
the impact of different concentrations.

motivates

S4.2: Modify the temperature profile to maximize
solute recovery. Use the function

`initial_temperature_comparative_study` to
explore the effects of different initial

temperatures.

motivates

S4.3: Evaluate the impact of process adjustments
on crystal purity and size.

motivates

R5.1: Design experiments to test the impact of
adjusted parameters on crystallization rate and

yield.
contains

R5.2: Use simulation tools to predict the
outcomes of process changes.

contains

R5.3: Analyze experimental or simulation data to
confirm improvements in crystallization speed and

yield.

contains

S5.1: Design experiments to test the impact of
adjusted parameters on crystallization rate and

yield.

motivates

S5.2: Use simulation tools to predict the
outcomes of process changes.

motivates

S5.3: Analyze experimental or simulation data to
confirm improvements in crystallization speed and

yield.

motivates

E1: To analyze the current crystallization process parameters, we start by
reviewing the initial solution volume and its impact on crystallization. The

initial solution volume is 0.100 L. This volume is relatively small, which can
lead to higher supersaturation levels when the solute is added, potentially

promoting nucleation. However, a small volume might also limit the total yield
of the crystallization process.yields

E2: Next, we evaluate the solvent-to-antisolvent ratio, which is 5:95. This
high antisolvent ratio is likely to induce rapid nucleation due to the

significant decrease in solubility, which can lead to a high number of small
crystals. This ratio is crucial for controlling the nucleation and growth

phases of crystallization.
yields

E3: We then assess the crude concentration, which is 35 g/L. This concentration
is a key factor in determining the level of supersaturation. A higher

concentration can lead to increased nucleation rates, but it may also result in
agglomeration if not controlled properly.

yields

E4: Finally, we consider the seed loading percentage, which is 10 wt%. Seed
loading is important for controlling nucleation and growth. A higher seed

loading can promote faster nucleation and provide more surface area for crystal
growth, potentially leading to larger crystals and improved yield.

yields

E5: Now, we analyze the initial temperature, which is 63.0 °C. The initial
temperature affects solubility; higher temperatures generally increase

solubility, reducing supersaturation. Starting at a high temperature can help
dissolve more solute initially, but the cooling phase must be managed to ensure

proper crystallization.
yields

E6: Next, we evaluate the cooling rate, which is 5.25 °C/h. The cooling rate is
critical for controlling crystal growth and size distribution. A faster cooling

rate can lead to rapid nucleation and smaller crystals, while a slower rate can
promote larger crystal growth.

yields

E7: We consider the timing of the cooling phase, which starts at 6 hours and
lasts for 12 hours. The timing and duration of cooling influence process

kinetics, affecting nucleation and growth phases. Starting cooling too early or
too late can impact the final crystal size and yield.

yields

E8: To accelerate crystallization, we explore changes in the
solvent-to-antisolvent ratio. Adjusting this ratio can enhance nucleation by

altering the solubility and supersaturation levels. However, specific changes
will depend on the desired outcome, such as faster nucleation or larger

crystals.
yields

E9: We consider increasing seed loading to promote faster nucleation. To
evaluate this, we will use the function `seed_loading_comparative_study` to
simulate the impact of different seed loading levels. Let's proceed with this

simulation.
```python

seed_loading_comparative_study(initial_value=0.10, modified_value=0.15,
current_step_index="step_3.2")

```
Executor:

✅ The code has been successfully executed:
Simulate with seed_loading = 0.1
Simulate with seed_loading = 0.15

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E10: The simulation shows the impact of increasing seed loading from 10 wt% to
15 wt% on the crystallization process. The results indicate changes in solute

concentration and particle size distribution, with potentially faster
nucleation and improved growth dynamics resulting from higher seed loading.

Now, we will adjust the cooling rate to optimize crystal growth and prevent
agglomeration. This adjustment will help manage crystal size and distribution,

potentially improving yield and product quality. We will use the function
`cooling_rate_comparative_study` to evaluate different cooling rates.

```python
cooling_rate_comparative_study(initial_value=5.25, modified_value=7.00,

current_step_index="step_3.3")
```

Executor:
✅ The code has been successfully executed:

Simulate with cooling_rate = 5.25
Simulate with cooling_rate = 7.0

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E11: To improve yield, we optimize the crude concentration to achieve higher
supersaturation. We will use the function

`crude_concentration_comparative_study` to assess the impact of different
concentrations on the process. Let's conduct this simulation now.

```python
crude_concentration_comparative_study(initial_value=35, modified_value=45,

current_step_index="step_4.1")
```

Executor:
✅ The code has been successfully executed:

Simulate with crude_concentration_at_seeding = 35
Simulate with crude_concentration_at_seeding = 45

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E12: To improve yield, we need to modify the temperature profile to maximize
solute recovery. We will use the function

`initial_temperature_comparative_study` to explore the effects of different
initial temperatures on crystallization. Let's evaluate the impact of adjusting

the initial temperature.
```python

initial_temperature_comparative_study(initial_value=63.0, modified_value=68.0,
current_step_index="step_4.2")

```
Executor:

✅ The code has been successfully executed:
Simulate with initial_temperature = 63.0
Simulate with initial_temperature = 68.0

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E13: We evaluate the impact of the process adjustments on crystal purity and
size based on the simulation results obtained from previous steps. The

adjustments made in seed loading, cooling rate, crude concentration, and
initial temperature should have provided insights into how these parameters
affect the crystal quality and yield. However, this step involves theoretical

reasoning and data analysis outside of code execution.
- Increased seed loading (from 10 wt% to 15 wt%) is expected to promote faster

nucleation and potentially lead to a more uniform particle size distribution.
- An adjusted cooling rate (from 5.25 °C/h to 7.0 °C/h) may result in faster

crystallization, affecting crystal size and purity.
- Increasing crude concentration (from 35 g/L to 45 g/L) should influence

nucleation rates and potentially improve yield due to higher supersaturation.
- Modifying the initial temperature (from 63.0 °C to 68.0 °C) impacts

solubility and the onset of crystallization, which can alter the final crystal
size and purity.

The visualized plots from the executed simulations would provide detailed
insights into how each specific adjustment impacts the solutes' concentration

curves and the particle size distribution (d10, d50, d90). Improvements can be
identified by observing shifts towards desired crystallization characteristics,
such as more uniform sizes or increased yield as indicated by concentration

curves flattening or stabilizing faster.

yields

E14: Design experiments to test the impact of adjusted parameters on
crystallization rate and yield. Set up lab-scale experiments to replicate the

conditions of the optimized parameters derived from simulations. Verify through
empirical testing whether these adjustments result in the expected improvements

in crystallization speed and yield. This step is more about practical
laboratory work.

yields

E15: Use simulation tools to predict the outcomes of process changes. The plots
generated from the simulations already show theoretical outcomes based on

different parameter adjustments. These provide a predictive model of
crystallization behavior under varying conditions, assisting in planning real

experiments.

yields

E16: Analyze experimental or simulation data to confirm improvements in
crystallization speed and yield. By comparing experimental results with the

simulation predictions, you can assess if the proposed process adjustments lead
to the desired outcomes, such as faster nucleation rates and improved yields,

as indicated by lower final solute concentrations and larger or more adequately
distributed particle sizes.

**#AllComplete#**
The task-solving plan has been executed as follows:

- Seed loading adjustments and cooling rate enhancements were simulated,
showing significant influence on nucleation and growth.

- Crude concentration and initial temperature changes were also analyzed,
indicating potential yield improvements.

- The visualized plots provided insight into how parameter adjustments affect
crystallization kinetics.

- Experimental validation of the simulations should follow by comparing with
direct laboratory outputs to adjust the crystallization process effectively for

speed and yield improvements.

yields
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# Key differences
1. **API Solid Phase Mass**: The mass increases more rapidly and reaches a higher final value with

seed_loading = 0.15 compared to 0.10.
2. **d50 (Median Particle Size)**: The d50 value is consistently lower for seed_loading = 0.15,

indicating smaller particle sizes.
3. **PSD Width (d90–d10 Gap)**: The gap decreases more quickly and stabilizes at a lower value for

seed_loading = 0.15.
4. **Supersaturation & MZW**: Supersaturation is slightly lower for seed_loading = 0.15, and the

Metastable Zone Width (MZW) is narrower.
# Aspect-by-aspect answers

1. **Accelerating Crystallization**:
- **Observation**: With seed_loading = 0.15, the API solid-phase mass increases more rapidly,

indicating faster crystallization.
- **Evidence**: The mass reaches approximately 0.0038 kg at 20 hours for seed_loading = 0.15,

compared to about 0.0035 kg for seed_loading = 0.10.
- **Insight**: Increasing seed loading accelerates the crystallization process by providing more

nucleation sites.
2. **Achieving Better Yield**:

- **Observation**: A higher seed loading results in a greater final mass of the solid phase.
- **Evidence**: The final mass is higher for seed_loading = 0.15, suggesting a better yield.

- **Insight**: To achieve a better yield, increasing seed loading is beneficial as it enhances the
overall crystallization efficiency.

# Summary of this controlled experiment: seed_loading = 0.10 and 0.15
Increasing the seed loading from 0.10 to 0.15 accelerates the crystallization process and improves

yield. The higher seed loading results in faster mass accumulation, smaller particle sizes, and a
narrower particle size distribution. These changes suggest that adjusting seed loading is an
effective strategy to enhance crystallization performance, achieving both faster kinetics and

higher yields.

interpretation

Experiment: Seed Loading
Findings: Increasing the seed loading from 0.10 to 0.15 accelerates the

crystallization process, as evidenced by a faster increase in API solid-phase
mass and a higher final mass. The d50 value is consistently lower, indicating

smaller particle sizes, and the PSD width stabilizes at a lower value,
suggesting a more uniform particle size distribution. Supersaturation is
slightly lower, and the Metastable Zone Width (MZW) is narrower for

seed_loading = 0.15.
Actionable Insights: Increase seed loading to 0.15 to enhance crystallization

performance, achieving faster kinetics and higher yields.
Experiment: Cooling Rate

Findings: Increasing the cooling rate from 5.25 to 7.00 accelerates the
crystallization process, as shown by a faster increase in API solid-phase mass

and a slightly higher final mass. The d50 value increases more quickly,
resulting in a larger final particle size. The PSD width is narrower, and the

supersaturation profile is more stable, indicating a more controlled
crystallization process.

Actionable Insights: Increase the cooling rate to 7.00 to optimize
crystallization conditions, achieving more efficient crystallization and

improved yield.
Experiment: Crude Concentration

Findings: Increasing the crude concentration from 35 to 45 results in a faster
crystallization process and a higher yield. The API solid-phase mass increases
more rapidly, and the final mass is greater at a higher concentration. The d50

and PSD width stabilize more quickly, indicating a more efficient process. The
supersaturation profile shows a faster decrease and a higher initial value for

a concentration of 45.
Actionable Insights: Increase crude concentration to 45 to enhance

crystallization speed and yield.
Experiment: Initial Temperature

Findings: Lowering the initial temperature to 63.0°C results in faster
crystallization and a higher yield, as evidenced by the more rapid increase and
higher final value of the API solid-phase mass. The d50 value recovers faster

and reaches a higher value, and the PSD width stabilizes at a lower value,
indicating a more controlled crystallization process.

Actionable Insights: Lower the initial temperature to 63.0°C to optimize both
the rate and yield of crystallization.

is_summarized_as
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# Key differences
1. **API Solid Phase Mass**: At a cooling rate of 7.00, the API solid-phase mass increases more

rapidly and reaches a slightly higher final mass compared to a cooling rate of 5.25.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both cooling rates but

stabilizes and increases more quickly at a cooling rate of 7.00, resulting in a larger final
particle size.

3. **PSD Width (d90–d10 Gap)**: The PSD width decreases rapidly for both cooling rates, but the gap
is slightly narrower at a cooling rate of 7.00, indicating a more uniform particle size

distribution.
4. **Supersaturation & MZW**: The supersaturation profile is higher and more stable at a cooling
rate of 7.00, with the metastable zone width (MZW) also being larger, indicating a more controlled

crystallization process.
# Aspect-by-aspect answers

1. **Accelerating Crystallization**:
- Increasing the cooling rate to 7.00 accelerates the crystallization process, as evidenced by the
faster increase in API solid-phase mass. The mass reaches approximately 0.0035 kg at 20 hours

compared to about 0.0033 kg at a cooling rate of 5.25.
2. **Achieving Better Yield**:

- A higher cooling rate of 7.00 results in a slightly higher final API solid-phase mass, suggesting
a better yield. The more rapid increase in mass and larger final particle size (d50) also support

this conclusion.
# Summary of this controlled experiment: cooling_rate = 5.25 and 7.00

Increasing the cooling rate from 5.25 to 7.00 accelerates the crystallization process and improves
yield. The faster increase in API solid-phase mass and larger final particle size at a cooling rate
of 7.00 indicate more efficient crystallization. Additionally, the narrower PSD width and stable
supersaturation profile suggest a more controlled and uniform crystallization process, aligning

with the user's interest in optimizing crystallization conditions.

interpretation
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# Key differences
1. **API Solid Phase Mass**: At a crude concentration of 45, the API solid-phase mass increases

more rapidly and reaches a higher final mass compared to a concentration of 35.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both concentrations but

stabilizes and increases more quickly for a concentration of 45, reaching a higher final size.
3. **PSD Width (d90–d10 Gap)**: The PSD width decreases more rapidly and stabilizes at a lower

value for a concentration of 45, indicating a narrower particle size distribution.
4. **Supersaturation & MZW**: The supersaturation profile for a concentration of 45 is higher

initially and decreases more rapidly, while the metastable zone width (MZW) is also higher,
indicating a faster crystallization process.

# Aspect-by-aspect answers
1. **Accelerating Crystallization**:

- Increasing the crude concentration from 35 to 45 accelerates the crystallization process. This is
evident from the faster increase in API solid-phase mass and the quicker stabilization of d50 and

PSD width. For example, the API mass reaches approximately 0.004 kg at 20 hours for a concentration
of 45, compared to about 0.003 kg for 35.

2. **Achieving Better Yield**:
- A higher crude concentration (45) results in a greater final API solid-phase mass, indicating a

better yield. The final mass is approximately 0.0045 kg for 45, compared to 0.0035 kg for 35. This
suggests that increasing the concentration can lead to a higher yield.

# Summary of this controlled experiment: crude_concentration = 35 and 45
Increasing the crude concentration from 35 to 45 results in a faster crystallization process and a
higher yield. The API solid-phase mass increases more rapidly, and the final mass is greater at a
higher concentration. The d50 and PSD width stabilize more quickly, indicating a more efficient

process. The supersaturation profile supports these findings, showing a faster decrease and a
higher initial value for a concentration of 45. Adjusting the crude concentration is an effective

strategy to enhance crystallization speed and yield.

interpretation
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# Key differences
1. **API Solid Phase Mass**: At an initial temperature of 63.0°C, the API solid-phase mass

increases more rapidly and reaches a higher final mass compared to 68.0°C.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both temperatures but

recovers faster and reaches a higher value at 63.0°C compared to 68.0°C.
3. **PSD Width (d90–d10 Gap)**: The PSD width decreases more quickly and stabilizes at a lower

value for 63.0°C, indicating a narrower particle size distribution.
4. **Supersaturation & MZW**: Supersaturation is initially higher at 68.0°C but decreases more

rapidly. The metastable zone width (MZW) is wider at 68.0°C, indicating a larger range of
supersaturation before nucleation occurs.

# Aspect-by-aspect answers
1. **Accelerating Crystallization**:

- **Observation**: At 63.0°C, the API solid-phase mass increases more rapidly, indicating faster
crystallization.

- **Evidence**: The final mass at 63.0°C is higher, suggesting more efficient crystallization.
- **Recommendation**: Lowering the initial temperature to 63.0°C can accelerate crystallization.

2. **Achieving Better Yield**:
- **Observation**: The higher final API solid-phase mass at 63.0°C suggests a better yield.

- **Evidence**: The mass reaches approximately 0.0035 kg at 63.0°C compared to about 0.0030 kg at
68.0°C.

- **Recommendation**: To achieve a better yield, maintain the initial temperature at 63.0°C.
# Summary of this controlled experiment: initial_temperature = 63.0 and 68.0

Lowering the initial temperature to 63.0°C results in faster crystallization and a higher yield, as
evidenced by the more rapid increase and higher final value of the API solid-phase mass. The
narrower PSD width and higher d50 at 63.0°C also indicate a more controlled crystallization

process. Adjusting the initial temperature to 63.0°C is recommended to optimize both the rate and
yield of crystallization.

interpretation
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Task Sample 3 (Full System)
R1

R2

R3

R4

S1: Review and Analyze Current Crystallization
Process Parameters

S2: Investigate Factors Influencing Polymorphic
Transitions

S3: Develop Strategies to Stabilize the Desired
Polymorph

S4: Implement and Monitor Process Controls

User Input:
I occasionally observe polymorphic transitions.

How can I stabilize the desired polymorph through
process controls? In the current crystallization

process, a 0.100 L solution is seeded at 63.0 °C
with a crude concentration of 35 g/L, using a

5:95 solvent-to-antisolvent ratio. The seed
loading is 10 wt%, and the seed crystal size

distribution is d10 = 8.3 µm, d50 = 28.5 µm, and
d90 = 108.3 µm. Cooling begins after 6 hours and

proceeds linearly over 12 hours at 5.25 °C/h.

User Intention:
The user is seeking guidance on how to stabilize
a specific polymorph during the crystallization
process. They are experiencing polymorphic
transitions and want to implement process
controls to ensure the desired polymorph is

consistently produced.
is_interpreted_as

Task Articulation:
The core task is to identify and implement
process controls that stabilize the desired

polymorph during the crystallization process.

is_interpreted_as
Task Description

contributes_to

contributes_to

contributes_to

R1: Understand the current crystallization
process parameters.

derives

R2: Identify factors influencing polymorphic
transitions.

derives

R3: Develop strategies to stabilize the desired
polymorph.

derives

R4: Implement and monitor process controls.

derives

R1.1: Review the initial conditions, including
temperature, concentration, and

solvent-to-antisolvent ratio.
contains

R1.2: Analyze the seed loading and crystal size
distribution.contains

R1.3: Examine the cooling profile and rate.

contains

S1.1: Examine the initial conditions, including
temperature, concentration, and

solvent-to-antisolvent ratio, to understand the
baseline process setup

motivates

S1.2: Analyze the seed loading and crystal size
distribution to assess their impact on the

crystallization process

motivates

S1.3: Evaluate the cooling profile and rate to
determine their influence on polymorph formation

motivates

R2.1: Investigate the thermodynamic and kinetic
factors affecting polymorph stability.

contains

R2.2: Determine the impact of solvent and
antisolvent choice on polymorph formation.contains

R2.3: Assess the influence of seed crystal
properties on polymorph selection.

contains

S2.1: Research thermodynamic and kinetic factors
that affect polymorph stability to identify

potential areas for process control
motivates

S2.2: Assess the impact of solvent and
antisolvent choice on polymorph formation to

understand their role in the crystallization
process

motivates

S2.3: Evaluate the influence of seed crystal
properties on polymorph selection to identify

opportunities for optimization

motivates

R3.1: Optimize the cooling rate to favor the
desired polymorph.contains

R3.2: Adjust the solvent-to-antisolvent ratio to
enhance polymorph stability.

contains

R3.3: Modify seed loading and size distribution
to promote the desired polymorph.

contains

S3.1: Use the `cooling_rate_comparative_study`
function to simulate and optimize the cooling
rate, aiming to favor the desired polymorph

motivates

S3.2: Adjust the solvent-to-antisolvent ratio to
enhance polymorph stability, potentially using
the `antisolvent_volume_comparative_study`

function for simulation

motivates

S3.3: Modify seed loading and size distribution
using the `seed_loading_comparative_study`
function to promote the desired polymorph

motivates

R4.1: Establish a monitoring system to track
polymorph formation during crystallization.contains

R4.2: Conduct experiments to validate the
effectiveness of the implemented controls.

contains

R4.3: Adjust process parameters based on
experimental feedback to ensure consistent

production of the desired polymorph.

contains

S4.1: Establish a monitoring system to track
polymorph formation during crystallization,

ensuring real-time data collection and analysis

motivates

S4.2: Conduct controlled experiments to validate
the effectiveness of the implemented process
controls, using simulation functions as needed

motivates

S4.3: Adjust process parameters based on
experimental feedback to ensure consistent

production of the desired polymorph

motivates

E1: To begin, we need to examine the initial conditions of the crystallization
process, which include temperature, concentration, and solvent-to-antisolvent

ratio. This will help us understand the baseline setup of the process.
- **Initial Temperature**: 63.0 °C
- **Crude Concentration**: 35 g/L

- **Solvent-to-Antisolvent Ratio**: 5:95
These parameters set the stage for the crystallization process and influence
the solubility and supersaturation levels, which are critical for polymorph

formation.
Now, let's proceed to the next step.

yields

E2: In this step, we analyze the seed loading and crystal size distribution to
assess their impact on the crystallization process.

- **Seed Loading**: 10 wt%
- **Seed Crystal Size Distribution**:

- d10: 8.3 µm
- d50: 28.5 µm
- d90: 108.3 µm

The seed loading and size distribution are crucial as they influence nucleation
and growth rates, which can affect the polymorphic outcome.

Let's move on to the next step.

yields

E3: Now, we evaluate the cooling profile and rate to determine their influence
on polymorph formation.

- **Cooling Start Time**: 6.0 hours
- **Cooling Duration**: 12.0 hours

- **Cooling Rate**: 5.25 °C/h
The cooling profile is essential as it affects the rate of supersaturation and

can lead to different polymorphic forms.
With the current process parameters reviewed, we can now proceed to investigate

factors influencing polymorphic transitions.

yields

E4: In this step, we research thermodynamic and kinetic factors that affect
polymorph stability to identify potential areas for process control. This

involves understanding how temperature, concentration, and solvent interactions
influence the stability of different polymorphs.

Let's proceed to the next step.

yields

E5: We assess the impact of solvent and antisolvent choice on polymorph
formation to understand their role in the crystallization process. The

solvent-to-antisolvent ratio and the nature of the solvents can significantly
influence the solubility and nucleation of different polymorphs.

Now, let's move to the next step.

yields

E6: We evaluate the influence of seed crystal properties on polymorph selection
to identify opportunities for optimization. The size and distribution of seed

crystals can affect the nucleation and growth of specific polymorphs.
With the investigation of factors influencing polymorphic transitions complete,

we can now develop strategies to stabilize the desired polymorph.

yields

E7: To simulate and optimize the cooling rate, aiming to favor the desired
polymorph, we will use the `cooling_rate_comparative_study` function. Let's

proceed with this simulation.
```python

cooling_rate_comparative_study(initial_value=5.25, modified_value=4.0,
current_step_index="step_S3.1")

```
Please execute the above Python code and provide the results.

Executor:
✅ The code has been successfully executed:

Simulate with cooling_rate = 5.25
Simulate with cooling_rate = 4.0

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E8: In this step, we need to adjust the solvent-to-antisolvent ratio to enhance
polymorph stability. We can utilize the `antisolvent_volume_comparative_study`

function for simulation. Let's proceed with the simulation to test the effects
of different solvent-to-antisolvent ratios.

```python
antisolvent_volume_comparative_study(initial_value=0.95, modified_value=0.90,

current_step_index="step_S3.2")
```

Please execute the above Python code and provide the results.
Executor:

✅ The code has been successfully executed:
Simulate with antisolvent_addition_volume = 0.95
Simulate with antisolvent_addition_volume = 0.9

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E9: To modify seed loading and size distribution in order to promote the
desired polymorph, we will use the `seed_loading_comparative_study` function to

simulate different seed loading values.
```python

seed_loading_comparative_study(initial_value=0.10, modified_value=0.15,
current_step_index="step_S3.3")

```
Please execute the above Python code and provide the results.

Executor:
✅ The code has been successfully executed:

Simulate with seed_loading = 0.1
Simulate with seed_loading = 0.15

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E10: We need to establish a monitoring system to track polymorph formation
during crystallization, ensuring real-time data collection and analysis. This

step focuses on implementing systems that can continuously analyze and report
the crystal forms being produced to provide immediate feedback for process

adjustments.
Let's move to the next step.

yields

E11: In this step, we conduct controlled experiments to validate the
effectiveness of the implemented process controls, using simulation functions

as needed. This involves performing crystallization under the optimized
conditions derived from our earlier simulations and observing if the desired

polymorph is consistently produced.

yields

E12: Finally, we adjust process parameters based on experimental feedback to
ensure consistent production of the desired polymorph. This step involves

tweaking the variables, like temperature, concentration, and timing, as
informed by the experiment results to refine and stabilize the production

process.

yields
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# Key differences
1. **API Solid Phase Mass**: At both cooling rates, the API solid-phase mass increases over time.

However, the mass is slightly higher for cooling_rate = 5.25 compared to cooling_rate = 4.0,
especially noticeable after 10 hours.

2. **d50 (Median Particle Size)**: Initially, both cooling rates show a decrease in d50, but
cooling_rate = 5.25 results in a slightly larger d50 after 10 hours compared to cooling_rate = 4.0.

3. **PSD Width (d90–d10 Gap)**: Both cooling rates show a rapid decrease in PSD width initially,
stabilizing around 30 μm. The difference between the two rates is minimal.

4. **Supersaturation & MZW**: Supersaturation is higher for cooling_rate = 5.25, especially after 5
hours. The Metastable Zone Width (MZW) is also larger for cooling_rate = 5.25, indicating a broader

range of stability.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**: The higher mass observed with cooling_rate = 5.25 suggests more
nucleation and growth, which could be beneficial for stabilizing a desired polymorph by promoting

consistent crystal growth.
2. **d50 (Median Particle Size)**: A larger d50 with cooling_rate = 5.25 indicates larger crystals,

which can be more stable and less prone to polymorphic transitions. This suggests that a higher
cooling rate might help in stabilizing the desired polymorph by reducing the likelihood of

transitions.
3. **PSD Width (d90–d10 Gap)**: The similar PSD width for both cooling rates suggests that particle

size distribution is not significantly affected by the cooling rate. However, the initial rapid
decrease indicates that early process control is crucial for maintaining uniformity.

4. **Supersaturation & MZW**: The higher supersaturation and larger MZW for cooling_rate = 5.25
suggest a more stable environment for the desired polymorph. Maintaining higher supersaturation can

help in stabilizing the desired polymorph by reducing the chances of unwanted transitions.
# Summary of this controlled experiment: cooling_rate = 5.25 and 4.0

The experiment shows that a higher cooling rate (5.25) results in a slightly higher API solid-phase
mass, larger median particle size, and greater supersaturation and MZW. These factors collectively
suggest that a higher cooling rate may help stabilize the desired polymorph by promoting consistent

crystal growth and reducing the likelihood of polymorphic transitions. The minimal difference in
PSD width indicates that particle size distribution is not significantly impacted by the cooling

rate, but early control is essential.

interpretation

Experiment: Cooling Rate
Findings:

The experiment demonstrated that a higher cooling rate of 5.25 results in a
slightly higher API solid-phase mass, larger median particle size (d50), and

greater supersaturation and Metastable Zone Width (MZW) compared to a cooling
rate of 4.0. These factors collectively suggest that a higher cooling rate may

help stabilize the desired polymorph by promoting consistent crystal growth and
reducing the likelihood of polymorphic transitions. The minimal difference in

PSD width indicates that particle size distribution is not significantly
impacted by the cooling rate, but early control is essential.

Actionable Insights:
Implement a cooling rate of 5.25 to enhance the stabilization of the desired

polymorph by promoting consistent crystal growth and reducing the likelihood of
polymorphic transitions.

Experiment: Antisolvent Volume
Findings:

The experiment showed that using an antisolvent volume of 0.95 results in
slightly higher API solid-phase mass, larger d50, and lower supersaturation and

MZW compared to 0.90. These factors collectively suggest that antisolvent
volume = 0.95 may provide a more stable environment for the desired polymorph,

reducing the likelihood of polymorphic transitions. The controlled
crystallization environment, indicated by the lower supersaturation and MZW,

supports the stabilization of the desired polymorph.
Actionable Insights:

Adopt an antisolvent volume of 0.95 to create a more stable environment for the
desired polymorph, reducing the likelihood of polymorphic transitions.

Experiment: Seed Loading
Findings:

Increasing seed loading from 0.10 to 0.15 accelerates crystallization and
increases the final solid mass, but it also results in smaller and less uniform

particles. The lower supersaturation and narrower PSD at seed loading = 0.10
suggest better control over the crystallization process, potentially

stabilizing the desired polymorph by minimizing the conditions that favor
transitions.

Actionable Insights:
Utilize a seed loading of 0.10 to achieve better control over the

crystallization process, stabilizing the desired polymorph by minimizing
conditions that favor transitions.
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# Key differences
1. **API Solid Phase Mass**: Both conditions show similar trends, with mass increasing over time.

The final mass is slightly higher for antisolvent_volume = 0.95.
2. **d50 (Median Particle Size)**: Both conditions exhibit a similar pattern, with an initial

decrease followed by an increase. The final d50 is slightly larger for antisolvent_volume = 0.95.
3. **PSD Width (d90–d10 Gap)**: Both conditions show a rapid decrease initially, stabilizing around

20 μm. The trends are nearly identical.
4. **Supersaturation & MZW**: Supersaturation profiles are similar, but antisolvent_volume = 0.95
shows a slightly lower supersaturation level. The MZW (Metastable Zone Width) is constant for both

conditions, with antisolvent_volume = 0.95 having a slightly lower MZW.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**: The mass increases steadily for both conditions, indicating effective
crystallization. The slightly higher mass for antisolvent_volume = 0.95 suggests more complete
crystallization, which could help stabilize the desired polymorph by reducing the likelihood of

transitions due to uncrystallized material.
2. **d50 (Median Particle Size)**: The similar trends in d50 suggest that particle size

distribution is not significantly affected by the change in antisolvent volume. However, the
slightly larger final d50 for antisolvent_volume = 0.95 might indicate a more stable crystal form,

as larger particles can be less prone to polymorphic transitions.
3. **PSD Width (d90–d10 Gap)**: The rapid decrease and stabilization of the PSD width indicate a

narrowing of particle size distribution, which is beneficial for polymorph stability. The
similarity in trends suggests that both conditions effectively control particle size distribution.

4. **Supersaturation & MZW**: The slightly lower supersaturation and MZW for antisolvent_volume =
0.95 suggest a more controlled crystallization environment, which can help stabilize the desired

polymorph by minimizing conditions that favor transitions.
# Summary of this controlled experiment: antisolvent_volume = 0.95 and 0.90

The experiment shows that using an antisolvent_volume of 0.95 results in slightly higher API
solid-phase mass, larger d50, and lower supersaturation and MZW compared to 0.90. These factors
collectively suggest that antisolvent_volume = 0.95 may provide a more stable environment for the

desired polymorph, reducing the likelihood of polymorphic transitions. The controlled
crystallization environment, indicated by the lower supersaturation and MZW, supports the

stabilization of the desired polymorph.

interpretation is_summarized_as
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# Key differences
1. **API Solid Phase Mass**: At seed_loading = 0.15, the API solid-phase mass increases more

rapidly and reaches a higher final mass compared to seed_loading = 0.10. By 20 hours, the mass is
approximately 0.0038 kg for seed_loading = 0.15, compared to about 0.0035 kg for seed_loading =

0.10.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both seed loadings but
stabilizes and increases more quickly for seed_loading = 0.10, reaching a higher final size of

about 33 μm compared to approximately 30 μm for seed_loading = 0.15.
3. **PSD Width (d90–d10 Gap)**: The PSD width decreases more rapidly and stabilizes at a lower

value for seed_loading = 0.10, indicating a narrower particle size distribution compared to
seed_loading = 0.15.

4. **Supersaturation & MZW**: Supersaturation levels are slightly lower for seed_loading = 0.10,
with both conditions maintaining levels below the metastable zone width (MZW) for most of the

process. The MZW is higher for seed_loading = 0.15.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**: The higher seed_loading (0.15) results in a faster and greater
accumulation of solid mass. This suggests that increasing seed loading can enhance nucleation and

growth rates, potentially stabilizing the desired polymorph by promoting rapid crystallization.
2. **d50 (Median Particle Size)**: The larger d50 at seed_loading = 0.10 indicates larger particle
growth, which might be beneficial for stabilizing a specific polymorph if larger crystals are more
stable. However, the smaller d50 at seed_loading = 0.15 suggests more nucleation events, which

could lead to polymorphic transitions if not controlled.
3. **PSD Width (d90–d10 Gap)**: A narrower PSD at seed_loading = 0.10 suggests more uniform

particle sizes, which can be advantageous for polymorph stability by reducing the likelihood of
transitions due to size-related energy differences.

4. **Supersaturation & MZW**: Maintaining supersaturation below the MZW is crucial for avoiding
unwanted nucleation and polymorphic transitions. The lower supersaturation at seed_loading = 0.10

may help stabilize the desired polymorph by reducing the driving force for transitions.
# Summary of this controlled experiment: seed_loading = 0.10 and 0.15

Increasing seed_loading from 0.10 to 0.15 accelerates crystallization and increases the final solid
mass, but it also results in smaller and less uniform particles. The lower supersaturation and
narrower PSD at seed_loading = 0.10 suggest better control over the crystallization process,

potentially stabilizing the desired polymorph by minimizing the conditions that favor transitions.
Adjusting seed loading can thus be a critical process control strategy to stabilize specific

polymorphs by influencing nucleation, growth rates, and particle size distribution.

interpretation
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Task Sample 4 (Full System)
R1

R2

R3

R4

R5

S1: Analyze the current crystallization setup.

S2: Identify potential modifications to increase
supersaturation.

S3: Explore changes in the cooling profile.

S4: Evaluate the feasibility and implications of
proposed changes.

S5: Implement and monitor the changes.

User Input:
Given the current crystallization setup —

solution volume 0.100 L, solvent-to-antisolvent
ratio of 5:95, initial concentration of 35 g/L,

and seed loading of 10 wt%, cooled from 63.0 °C
over 12 h starting at 6 h — I want to increase
supersaturation to accelerate crystallization.

User Intention:
The user intends to modify their current

crystallization process to increase the rate of
crystallization. Specifically, they want to

increase the level of supersaturation in their
system, which is a key driving force for
crystallization. By doing so, they aim to

accelerate the crystallization process,
potentially leading to faster production times or

improved crystal properties.

is_interpreted_as

Task Articulation:
The core task is to identify and implement
changes in the crystallization setup that will

increase supersaturation and thereby accelerate
the crystallization process.

is_interpreted_as
Task Description

contributes_to

contributes_to

contributes_to

R1: Analyze the current crystallization setup.

derives

R2: Identify potential modifications to increase
supersaturation.

derives

R3: Explore changes in the cooling profile.
derives

R4: Evaluate the feasibility and implications of
proposed changes.

derives

R5: Implement and monitor the changes.

derives

R1.1: Review the current solution volume,
solvent-to-antisolvent ratio, initial
concentration, and seed loading.contains

R1.2: Understand the current cooling profile and
its impact on supersaturation.

contains

S1.1: Review the current solution volume,
solvent-to-antisolvent ratio, initial

concentration, and seed loading to understand the
baseline conditions.

motivates

S1.2: Understand the current cooling profile and
its impact on supersaturation by examining the

cooling rate and duration.

motivates

R2.1: Evaluate the effect of changing the
solvent-to-antisolvent ratio.

contains

R2.2: Consider adjustments to the initial
concentration of the solution.contains

R2.3: Assess the impact of altering the seed
loading percentage.

contains

S2.1: Evaluate the effect of changing the
solvent-to-antisolvent ratio to increase

supersaturation.
motivates

S2.2: Consider adjustments to the initial
concentration of the solution to enhance the

driving force for crystallization. Use the
function `crude_concentration_comparative_study`

to simulate the impact of different
concentrations.

motivates

S2.3: Assess the impact of altering the seed
loading percentage on nucleation and growth. Use
the function `seed_loading_comparative_study` to

compare different seed loading values.

motivates

R3.1: Investigate the effect of faster cooling
rates on supersaturation.contains

R3.2: Consider the timing of the cooling process
and its influence on nucleation and growth rates.

contains

S3.1: Investigate the effect of faster cooling
rates on supersaturation and crystallization

kinetics. Use the function
`cooling_rate_comparative_study` to simulate

different cooling rates.

motivates

S3.2: Consider the timing of the cooling process
and its influence on nucleation and growth rates.

Use the function
`cooling_start_time_comparative_study` to explore

different cooling start times.

motivates

R4.1: Assess the impact of changes on crystal
quality and yield.

contains

R4.2: Consider the operational and economic
implications of modifications.

contains

S4.1: Assess the impact of changes on crystal
quality and yield, ensuring that increased

supersaturation does not compromise product
quality.

motivates

S4.2: Consider the operational and economic
implications of modifications, such as changes in

energy consumption or material costs.

motivates

R5.1: Develop a plan to implement the selected
modifications.

contains

R5.2: Monitor the crystallization process to
ensure desired outcomes are achieved.

contains

S5.1: Develop a plan to implement the selected
modifications, ensuring that all necessary

resources and equipment are available.

motivates

S5.2: Monitor the crystallization process to
ensure desired outcomes are achieved, making

adjustments as necessary based on real-time data.

motivates

E1: To analyze the current crystallization setup, we need to review the
baseline conditions, which include the solution volume, solvent-to-antisolvent

ratio, initial concentration, and seed loading. Here are the details:
- Solution volume at seeding: 0.100 L

- Solvent to antisolvent volume ratio at seeding: 5:95
- Crude concentration at seeding: 35 g/L

- Seed loading: 0.10 (10 wt%)
These parameters define the initial conditions of the crystallization process.

They are crucial for understanding how the system is currently operating and
will serve as a reference point for any modifications we consider in subsequent

steps.
yields

E2: Next, we need to understand the current cooling profile and its impact on
supersaturation by examining the cooling rate and duration. The current cooling

profile is as follows:
- Initial temperature: 63.0 °C

- Cooling start time: 6.0 h
- Cooling duration: 12.0 h
- Cooling rate: 5.25 °C/h

The cooling profile affects the rate at which supersaturation is achieved,
influencing nucleation and crystal growth. A slower cooling rate generally

results in larger crystals, while a faster rate can increase nucleation and
lead to smaller crystals. This understanding will help us evaluate potential

changes to the cooling profile in later steps.

yields

E3: To increase supersaturation, we first evaluate the potential effect of
changing the solvent-to-antisolvent ratio. Currently, the ratio is 5:95, which

means there is a high presence of antisolvent. By adjusting this ratio, we can
influence nucleation and growth rates. A higher solvent proportion might create

less supersaturation initially, while increasing the antisolvent proportion
quickly can boost supersaturation.

For this task, a straightforward change to experiment with could be small
incremental increases in the antisolvent proportion (e.g., moving from 5:95 to

something like 4:96 or even 3:97, depending on operational feasibility and
safety concerns). This consideration will guide our experiments in future steps.

yields
E4: Consider adjustments to the initial concentration to enhance the driving

force for crystallization. At a current concentration of 35 g/L, the driving
force for crystallization is determined by how far this is from saturation at

the cooling start time. Increasing initial concentration results in higher
supersaturation potential.

To assess this, we will run a simulation using ```python
crude_concentration_comparative_study(initial_value=35, modified_value=40,

current_step_index="step_2.2")
``` to evaluate how different concentrations impact saturation levels.

Simulation executed:
Simulate with crude_concentration_at_seeding = 35.0
Simulate with crude_concentration_at_seeding = 40.0

The simulation results are visualized in a combined plot image and saved as a
file.

yields

E5: Now, we will assess the impact of altering the seed loading percentage on
nucleation and growth. Utilizing the function ```python

seed_loading_comparative_study(initial_value=0.1, modified_value=0.15,
current_step_index="step_2.3")

```, we can compare different seed loading values to observe potential changes
in nucleation and crystal growth.

Simulation executed:
Simulate with seed_loading = 0.1
Simulate with seed_loading = 0.15

The simulation results are visualized in a combined plot image and saved as a
file.

yields

E6: We need to investigate the effect of faster cooling rates on
supersaturation and crystallization kinetics. For this evaluation, we will use
the function ```python cooling_rate_comparative_study(initial_value=5.25,

modified_value=6.5, current_step_index="step_3.1")
``` to simulate different cooling rates.

Simulation executed:
Simulate with cooling_rate = 5.25
Simulate with cooling_rate = 6.5

The simulation results are visualized in a combined plot image and saved as a
file.

yields

E7: Next, we need to explore different cooling start times to consider the
timing of the cooling process and its influence on nucleation and growth rates.

Let's execute the function ```python
cooling_rate_comparative_study(initial_value=6.0, modified_value=4.0,

current_step_index="step_3.2")
``` to analyze this potential modification.

Simulation executed:
Simulate with cooling_start_time = 6.0
Simulate with cooling_start_time = 4.0

The simulation results are visualized in a combined plot image and saved as a
file.

yields

E8: With the simulation results for the potential modifications obtained, we
need to assess the impact of the proposed changes on crystal quality and yield.

The goal is to ensure that increased supersaturation does not compromise
product quality while accelerating crystallization. Key insights from the

simulations include:
- **Crude Concentration Changes (E2.2):** Increasing the crude concentration

may enhance the driving force for crystallization, but also risks premature
nucleation leading to finer particles or increased impurities in the final

crystals.
- **Seed Loading Changes (E2.3):** Modifying seed loading affects nucleation

and growth. Increased seed loading may promote rapid nucleation, which can lead
to a more distributed particle size, potentially enhancing yield but affecting

the size uniformity of crystals.
- **Cooling Rate Adjustments (E3.1):** A faster cooling rate increases

supersaturation, potentially accelerating nucleation and growth. However, it
could also lead to smaller, less uniform crystals.

- **Cooling Start Time Alterations (E3.2):** Starting the cooling process
earlier might lead to higher supersaturation levels initially, promoting

nucleation over growth, potentially reducing crystal size if not managed
carefully.

By analyzing the plots, we can determine whether any of these changes adversely
affect crystal morphology or purity, ensuring that the quality demands are

still met.

yields

E9: Next, consider the operational and economic implications of these
modifications:

- **Operational Impacts:** Faster cooling rates or increased seed loading might
demand changes in process control systems and hardware. Adjustments in timing

and concentration may require recalibrating sensors or altering control
software.

- **Economic Impacts:** Changes in energy usage due to faster cooling or
material costs for additional seed or solvent/antisolvent adjustments must be

justified against the expected gains in crystallization rate and yield
efficiency.

The analysis from this step involves expert judgment and may require further
detailed technical and economic feasibility studies to ensure that scaling up

the modifications would deliver desired benefits without adverse side effects.

yields

E10: Developing an implementation plan involves ensuring all necessary
resources and equipment are available for implementing chosen modifications.

Key considerations include:
- Ensuring adequate supply of raw materials for increased concentration and

seed loading.
- Ensuring refrigeration systems are capable of achieving higher cooling rates.

- Training the operational staff on modifications to the crystallization
protocol.

yields

E11: Monitoring involves tracking pertinent parameters, including temperature,
concentration, crystal size distribution, and process efficiency, to ensure the

desired outcomes are achieved. Any deviations from expected behavior should be
addressed promptly to adjust the process in real time.

yields
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# Key differences
1. **API Solid Phase Mass**: At both concentrations, the mass increases over time, but the mass is

consistently higher for crude_concentration = 40. By 20 hours, the mass reaches approximately
0.0035 kg for 40 and 0.0030 kg for 35.

2. **d50 (Median Particle Size)**: Initially, d50 decreases sharply, then increases. The final d50
is larger for crude_concentration = 40, reaching about 32 μm compared to 30 μm for 35.

3. **PSD Width (d90–d10 Gap)**: The gap decreases rapidly initially and stabilizes. The gap is
slightly narrower for crude_concentration = 40, indicating a more uniform particle size

distribution.
4. **Supersaturation & MZW**: Supersaturation is higher for crude_concentration = 40 throughout the

process. MZW (Metastable Zone Width) is also slightly wider for 40, indicating a broader range of
stable conditions.

# Aspect-by-aspect answers
1. **API Solid Phase Mass**: Increasing crude_concentration from 35 to 40 results in a higher
solid-phase mass throughout the crystallization process. This suggests that higher concentration

accelerates crystallization, leading to more solid formation.
2. **d50 (Median Particle Size)**: The larger d50 at crude_concentration = 40 indicates that higher
concentration promotes the growth of larger crystals. This could be due to increased nucleation and

growth rates.
3. **PSD Width (d90–d10 Gap)**: A narrower PSD width at crude_concentration = 40 suggests a more

uniform crystal size distribution. This may be beneficial for processes requiring consistent
particle sizes.

4. **Supersaturation & MZW**: Higher supersaturation at crude_concentration = 40 supports faster
crystallization rates. The wider MZW indicates a more stable crystallization environment, allowing

for controlled growth.
# Summary of this controlled experiment: crude_concentration = 35 and 40

Increasing the crude concentration from 35 to 40 enhances the crystallization process by increasing
the solid-phase mass, promoting larger crystal growth, and achieving a more uniform particle size

distribution. The higher supersaturation and wider MZW at 40 suggest that this condition
accelerates crystallization while maintaining stability. For the user's interest in accelerating
crystallization, increasing supersaturation by raising the crude concentration is an effective

strategy.

interpretation

Experiment: Crude Concentration
Findings: Increasing the crude concentration from 35 to 40 enhances the

crystallization process by increasing the solid-phase mass, promoting larger
crystal growth, and achieving a more uniform particle size distribution. The

higher supersaturation and wider Metastable Zone Width (MZW) at 40 suggest that
this condition accelerates crystallization while maintaining stability.
Actionable Insights: To accelerate crystallization, increase the crude

concentration to 40, as it effectively enhances supersaturation and promotes
stable crystal growth.

Experiment: Seed Loading
Findings: Increasing seed loading from 0.1 to 0.15 accelerates crystallization,

resulting in a higher solid-phase mass and a narrower particle size
distribution. However, it leads to a smaller median particle size and slightly

lower supersaturation.
Actionable Insights: To achieve a higher solid-phase mass and more uniform

particle size distribution, increase seed loading to 0.15, but consider
optimizing other parameters to maintain or increase supersaturation.

Experiment: Parameter
Findings: Increasing the parameter from 5.25 to 6.5 results in higher

supersaturation, which accelerates the crystallization process. This leads to a
faster increase in solid-phase mass, larger median particle sizes, and a more
uniform particle size distribution. The broader MZW for a parameter of 6.5

suggests a more robust crystallization process.
Actionable Insights: Adjust the parameter to 6.5 to enhance supersaturation and

accelerate crystallization, resulting in larger particle sizes and a more
uniform distribution.

Experiment: Cooling Start
Findings: Starting cooling earlier at 4.0 hours increases supersaturation,

which accelerates crystallization, leading to faster growth in solid-phase mass
and larger median particle sizes. The process also results in a narrower

particle size distribution earlier on.
Actionable Insights: Initiate cooling at 4.0 hours to increase supersaturation

and accelerate crystallization, achieving faster growth and larger crystal
sizes with a more uniform distribution.
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# Key differences
1. **API Solid Phase Mass**: The mass increases more rapidly and reaches a higher final value with

seed_loading = 0.15 compared to 0.1. This suggests that higher seed loading accelerates
crystallization.

2. **d50 (Median Particle Size)**: Initially, d50 decreases for both conditions, but it recovers
and grows faster with seed_loading = 0.1, eventually surpassing the size at seed_loading = 0.15.

3. **PSD Width (d90–d10 Gap)**: The gap decreases more quickly with seed_loading = 0.15, indicating
a narrower particle size distribution over time.

4. **Supersaturation & MZW**: Supersaturation is slightly higher with seed_loading = 0.1, but both
conditions maintain supersaturation below the metastable zone width (MZW) for most of the time.

# Aspect-by-aspect answers
1. **API Solid Phase Mass**: With seed_loading = 0.15, the solid phase mass reaches approximately

0.0038 kg, while with seed_loading = 0.1, it reaches about 0.0035 kg. The higher seed loading
accelerates the crystallization process, resulting in a greater mass of solid phase.

2. **d50 (Median Particle Size)**: The d50 initially drops to around 20 μm for both conditions but
recovers to about 33 μm for seed_loading = 0.1 and 30 μm for seed_loading = 0.15. The larger median

size with lower seed loading suggests slower nucleation but faster growth.
3. **PSD Width (d90–d10 Gap)**: The gap decreases from around 100 μm to about 30 μm for both

conditions, but it narrows more quickly with seed_loading = 0.15, indicating a more uniform
particle size distribution.

4. **Supersaturation & MZW**: Supersaturation is slightly higher with seed_loading = 0.1, peaking
around 1.5, while seed_loading = 0.15 maintains a lower supersaturation. Both conditions stay below

the MZW, suggesting controlled crystallization without excessive nucleation.
# Summary of this controlled experiment: seed_loading = 0.1 and 0.15

Increasing seed loading from 0.1 to 0.15 accelerates crystallization, resulting in a higher solid
phase mass and a narrower particle size distribution. However, it leads to a smaller median
particle size and slightly lower supersaturation. To increase supersaturation and potentially

accelerate crystallization further, one might consider optimizing other parameters, as higher seed
loading alone reduces supersaturation.

interpretation
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# Key differences
1. **API Solid Phase Mass**: The mass increases more rapidly with a parameter of 6.5 compared to

5.25, reaching a slightly higher final mass.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both parameters but

recovers faster and reaches a slightly higher value with a parameter of 6.5.
3. **PSD Width (d90–d10 Gap)**: The gap decreases more quickly and stabilizes at a similar value

for both parameters, with a slightly faster stabilization for 6.5.
4. **Supersaturation & MZW**: Supersaturation is higher for a parameter of 6.5, indicating a more

rapid crystallization process. The Metastable Zone Width (MZW) is also larger for 6.5.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**:
- With a parameter of 6.5, the solid-phase mass increases more rapidly and reaches a slightly
higher final value (~0.0035 kg) compared to 5.25 (~0.0033 kg). This suggests that a higher

parameter accelerates the crystallization process.
2. **d50 (Median Particle Size)**:

- The d50 initially decreases for both parameters, indicating nucleation. However, it recovers
faster and reaches a slightly higher value (~33 μm) with a parameter of 6.5 compared to 5.25 (~32

μm). This suggests that a higher parameter may lead to larger particle sizes.
3. **PSD Width (d90–d10 Gap)**:

- The PSD width decreases more quickly and stabilizes at a similar value (~30 μm) for both
parameters, with a slightly faster stabilization for 6.5. This indicates a more uniform particle

size distribution with a higher parameter.
4. **Supersaturation & MZW**:

- Supersaturation is consistently higher for a parameter of 6.5, reaching values above 2.5,
compared to around 1.5 for 5.25. The MZW is also larger for 6.5, indicating a broader range of

conditions for stable crystallization. This supports the idea that increasing the parameter
enhances supersaturation and accelerates crystallization.

# Summary of this controlled experiment: parameter = 5.25 and 6.5
Increasing the parameter from 5.25 to 6.5 results in higher supersaturation, which accelerates the

crystallization process. This leads to a faster increase in solid-phase mass, larger median
particle sizes, and a more uniform particle size distribution. The broader MZW for a parameter of

6.5 suggests a more robust crystallization process. Therefore, to increase supersaturation and
accelerate crystallization, adjusting the parameter to 6.5 is beneficial.

interpretation
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# Key differences
1. **API Solid Phase Mass**: The mass increases more rapidly for cooling_start = 4.0 compared to

6.0, reaching a similar final mass but at a faster rate.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both conditions but
stabilizes and increases more quickly for cooling_start = 4.0, reaching a higher final size.

3. **PSD Width (d90–d10 Gap)**: The gap decreases rapidly for both conditions, with cooling_start =
4.0 showing a slightly narrower distribution earlier in the process.

4. **Supersaturation & MZW**: Supersaturation is higher for cooling_start = 4.0, especially
noticeable in the early stages, while the Metastable Zone Width (MZW) is also larger, indicating a

broader range of stable conditions.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**: Cooling_start = 4.0 results in a faster increase in solid-phase mass,
indicating accelerated crystallization. The mass reaches approximately 0.0035 kg more quickly

compared to cooling_start = 6.0.
2. **d50 (Median Particle Size)**: The d50 increases more rapidly for cooling_start = 4.0, reaching
about 34 μm, compared to around 32 μm for cooling_start = 6.0. This suggests larger crystals form

more quickly with an earlier cooling start.
3. **PSD Width (d90–d10 Gap)**: The PSD width narrows faster for cooling_start = 4.0, indicating a

more uniform particle size distribution earlier in the process. The gap stabilizes around 30 μm for
both conditions.

4. **Supersaturation & MZW**: Supersaturation is higher for cooling_start = 4.0, peaking above 2.5,
compared to just above 2.0 for cooling_start = 6.0. This higher supersaturation correlates with
faster crystallization rates. The MZW is also larger, suggesting a wider range of conditions for

stable crystallization.
# Summary of this controlled experiment: cooling_start = 6.0 and 4.0

Starting cooling earlier at 4.0 hours increases supersaturation, which accelerates crystallization,
leading to faster growth in solid-phase mass and larger median particle sizes. The process also

results in a narrower particle size distribution earlier on. These changes align with the user's
interest in increasing supersaturation to speed up crystallization, as evidenced by the higher

supersaturation levels and faster crystallization rates observed with cooling_start = 4.0.
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Task Sample 5 (Full System)
R1

R2

R3

R4

S1: Analyze the current crystallization protocol.

S2: Identify potential modifications to
accelerate crystallization.

S3: Evaluate the impact of proposed modifications.

S4: Implement the optimized crystallization
protocol.

User Input:
With the current crystallization protocol —

0.100 L solution, solvent-to-antisolvent ratio of
5:95, initial crude concentration of 35 g/L,

10 wt% seed loading, and a cooling phase from
63.0 °C starting at 6 h over 12 h — I want to
save time and achieve faster crystallization.

User Intention:
The user intends to optimize their current
crystallization process to achieve faster

crystallization. They are looking to reduce the
time required for the crystallization process

while maintaining or improving the efficiency and
quality of the crystallization.

is_interpreted_as

Task Articulation:
The core task is to modify the existing

crystallization protocol to reduce the overall
crystallization time.

is_interpreted_as
Task Description

contributes_to

contributes_to

contributes_to

R1: Analyze the current crystallization protocol.

derives

R2: Identify potential modifications to
accelerate crystallization.

derives

R3: Evaluate the impact of proposed modifications.

derives

R4: Implement the optimized crystallization
protocol.

derives

R1.1: Review the current solvent-to-antisolvent
ratio and its impact on crystallization rate.

contains

R1.2: Evaluate the initial crude concentration
and its effect on nucleation and growth rates.

contains

R1.3: Assess the seed loading percentage and its
influence on crystallization kinetics.

contains

R1.4: Examine the cooling phase duration and
temperature profile for potential optimization.

contains

S1.1: Review the current solvent-to-antisolvent
ratio and its impact on crystallization rate.

motivates

S1.2: Evaluate the initial crude concentration
and its effect on nucleation and growth rates.

motivates

S1.3: Assess the seed loading percentage and its
influence on crystallization kinetics.

motivates

S1.4: Examine the cooling phase duration and
temperature profile for potential optimization.

motivates

R2.1: Consider adjusting the
solvent-to-antisolvent ratio to enhance

supersaturation levels.
contains

R2.2: Explore increasing the initial crude
concentration to promote faster nucleation.

contains

R2.3: Evaluate the possibility of increasing seed
loading to expedite crystal growth.

contains

R2.4: Investigate altering the cooling rate or
starting temperature to speed up crystallization.

contains

S2.1: Consider adjusting the
solvent-to-antisolvent ratio to enhance

supersaturation levels.motivates

S2.2: Explore increasing the initial crude
concentration to promote faster nucleation. Use

the function
`crude_concentration_comparative_study` to

simulate the effect.

motivates

S2.3: Evaluate the possibility of increasing seed
loading to expedite crystal growth. Use the

function `seed_loading_comparative_study` to
simulate the effect.

motivates

S2.4: Investigate altering the cooling rate or
starting temperature to speed up crystallization.

Use the function `cooling_rate_comparative_study`
to simulate the effect.

motivates

R3.1: Conduct experiments to test the effect of
each modification on crystallization time.contains

R3.2: Analyze the quality and yield of crystals
obtained with each modification.

contains

R3.3: Compare the results with the original
protocol to ensure improvements in time

efficiency.

contains

S3.1: Conduct experiments to test the effect of
each modification on crystallization time.

motivates

S3.2: Analyze the quality and yield of crystals
obtained with each modification.

motivates

S3.3: Compare the results with the original
protocol to ensure improvements in time

efficiency.

motivates

R4.1: Select the most effective modifications
based on experimental results.contains

R4.2: Update the crystallization protocol with
the chosen modifications.

contains

R4.3: Validate the new protocol through repeated
trials to ensure consistency and reliability.

contains

S4.1: Select the most effective modifications
based on experimental results.

motivates

S4.2: Update the crystallization protocol with
the chosen modifications.

motivates

S4.3: Validate the new protocol through repeated
trials to ensure consistency and reliability.

motivates

E1: Let's start by analyzing the current crystallization protocol, specifically
focusing on the solvent-to-antisolvent ratio and its impact on the

crystallization rate. The current ratio is 5:95. This high antisolvent ratio is
typically used to induce rapid supersaturation, which can lead to faster

nucleation but may also result in smaller crystal sizes and potentially lower
purity due to rapid precipitation.yields

E2: Next, we evaluate the initial crude concentration, which is 35 g/L. A
higher initial concentration can increase the supersaturation level, promoting
nucleation and potentially leading to faster crystallization. However, it can

also increase the risk of impurities being trapped within the crystals.
yields

E3: Now, let's assess the seed loading percentage, which is currently at 10
wt%. Seed loading is crucial for controlling nucleation and growth rates.
Higher seed loading can lead to faster crystallization by providing more
nucleation sites, but it can also affect the final crystal size distribution.

yields

E4: Finally, we examine the cooling phase duration and temperature profile. The
current protocol involves cooling from 63.0 °C over 12 hours at a rate of 5.25
°C/h. A faster cooling rate can increase supersaturation and nucleation rates,

but it may also lead to smaller crystals and potential issues with crystal
quality.

yields

E5: Considering potential modifications, we could adjust the
solvent-to-antisolvent ratio to enhance supersaturation levels. However, this
step does not require a specific function to simulate the effect, so we will

proceed to the next step.

yields

E6: To explore increasing the initial crude concentration to promote faster
nucleation, we will use the function `crude_concentration_comparative_study`.
Let's simulate the effect by comparing the current concentration of 35 g/L with

a higher concentration, say 45 g/L.
```python

crude_concentration_comparative_study(initial_value=35, modified_value=45,
current_step_index="step_S2.2")

```
✅ The code has been successfully executed:

Simulate with crude_concentration_at_seeding = 35
Simulate with crude_concentration_at_seeding = 45

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E7: We will evaluate the possibility of increasing seed loading to expedite
crystal growth. To simulate this effect, we'll use the function

`seed_loading_comparative_study`. Let's compare the current seed loading of 10
wt% with a higher amount, such as 15 wt%.

```python
seed_loading_comparative_study(initial_value=0.10, modified_value=0.15,

current_step_index="step_S2.3")
```

✅ The code has been successfully executed:
Simulate with seed_loading = 0.1
Simulate with seed_loading = 0.15

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E8: Next, let's investigate altering the cooling rate or starting temperature
to speed up crystallization. We can perform this analysis by using the

`cooling_rate_comparative_study` function. We will compare the current cooling
rate of 5.25 °C/h with a faster rate, let's say 7 °C/h.

```python
cooling_rate_comparative_study(initial_value=5.25, modified_value=7.0,

current_step_index="step_S2.4")
```

✅ The code has been successfully executed:
Simulate with cooling_rate = 5.25
Simulate with cooling_rate = 7.0

The simulation results are visualized in a combined plot image and saved as a
file. Please proceed to the next step.

yields

E9: Having executed simulations for potential modifications, it's time to
analyze the results. This step involves conducting hypothetical experiments to

test the effect of each modification on crystallization time. Based on the
simulations:

1. **Crude Concentration Increase**: The results (as seen in the image) should
show how increasing the crude concentration impacts the rate and outcome of

crystallization.
2. **Seed Loading Increase**: The results (as seen in the image) should

indicate whether increasing seed loading affects the growth and size
distribution.

3. **Cooling Rate Increase**: The results (as seen in the image) should reflect
any changes in the crystallization dynamics with a faster cooling rate.

yields

E10: Now, let's analyze the quality and yield of the crystals obtained with
each modification. The increase in crude concentration, seed loading, and
cooling rate modifications should have affected crystal shape, clarity, and

size distribution. Generally, higher concentrations and faster nucleation could
lead to finer crystals with potential quality trade-offs.

yields

E11: Next, compare these results with the original protocol to ensure
improvements in time efficiency. We expect the modified setups to demonstrate

reduced crystallization times while maintaining or improving crystal quality.

yields

E12: Based on the experimental results and analysis, choose the most effective
modifications. For instance, if increasing crude concentration significantly

reduced crystallization time without affecting quality, it would be a top
candidate. Similarly, evaluate the impact of the other modifications to

determine their practicability.

yields

E13: Now, update the crystallization protocol with the chosen modifications.
This involves documenting the new parameter values and any procedural

adjustments needed for implementation.

yields

E14: Finally, validate the new protocol through repeated trials to ensure
consistency and reliability. Testing should confirm that the optimized

parameters consistently yield faster crystallization with satisfactory crystal
quality and yield.

yields

E6_img
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# Key differences
1. **API Solid Phase Mass**: At a crude concentration of 45, the API solid-phase mass increases

more rapidly and reaches a higher final mass compared to a concentration of 35.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both concentrations but

stabilizes and increases more quickly for a concentration of 45, reaching a higher final size.
3. **PSD Width (d90–d10 Gap)**: The PSD width decreases more rapidly and stabilizes at a lower

value for a concentration of 45 compared to 35.
4. **Supersaturation & MZW**: The supersaturation profile for a concentration of 45 is higher

initially and decreases more rapidly, while the Metastable Zone Width (MZW) is consistently higher
for a concentration of 45.

# Aspect-by-aspect answers
1. **API Solid Phase Mass**:

- For a concentration of 45, the solid-phase mass reaches approximately 0.0045 kg by 20 hours,
compared to about 0.0035 kg for a concentration of 35. This indicates a faster crystallization

process at higher concentrations.
2. **d50 (Median Particle Size)**:

- The d50 value for a concentration of 45 stabilizes around 30 μm, while for 35, it stabilizes
around 28 μm. The faster increase in d50 for a concentration of 45 suggests quicker particle growth.

3. **PSD Width (d90–d10 Gap)**:
- The PSD width for a concentration of 45 decreases to about 20 μm, while for 35, it stabilizes

around 30 μm. This indicates a narrower particle size distribution at higher concentrations, which
is often desirable for uniformity.
4. **Supersaturation & MZW**:

- The supersaturation for a concentration of 45 starts higher and decreases more rapidly,
indicating a faster approach to equilibrium. The MZW is also higher, suggesting a broader range for

stable nucleation and growth.
# Summary of this controlled experiment: crude_concentration = 35 and 45

Increasing the crude concentration from 35 to 45 results in faster crystallization, as evidenced by
the quicker increase in API solid-phase mass and d50, as well as a more rapid decrease in PSD
width. The higher initial supersaturation and broader MZW at a concentration of 45 facilitate
faster nucleation and growth, leading to a more efficient crystallization process. Therefore, to

save time and achieve faster crystallization, using a higher crude concentration of 45 is
advantageous.

interpretation

Experiment: Crude Concentration
Findings: Increasing the crude concentration from 35 to 45 results in faster

crystallization, as indicated by a quicker increase in API solid-phase mass and
d50, and a more rapid decrease in PSD width. The higher initial supersaturation

and broader MZW at a concentration of 45 facilitate faster nucleation and
growth, leading to a more efficient crystallization process.

Actionable Insights: To achieve faster crystallization, it is recommended to
use a higher crude concentration of 45.

Experiment: Seed Loading
Findings: Increasing the seed loading from 0.10 to 0.15 results in faster

crystallization, as evidenced by a quicker increase in solid-phase mass and a
more rapid reduction in PSD width. The smaller d50 values and narrower PSD

width suggest more uniform particle sizes. Although supersaturation levels
remain similar, the higher MZW with seed_loading = 0.15 indicates a more stable

crystallization process.
Actionable Insights: To achieve faster and more uniform crystallization, it is

recommended to use a seed loading of 0.15.
Experiment: Cooling Rate

Findings: Increasing the cooling rate to 7.0 results in faster crystallization,
as evidenced by the quicker increase in API solid-phase mass and larger final

particle size (d50). The process also achieves a more uniform particle size
distribution and maintains higher supersaturation levels, indicating a more

controlled crystallization environment.
Actionable Insights: To achieve faster and more controlled crystallization, it

is recommended to use a cooling rate of 7.0.

is_summarized_as
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# Key differences
1. **API Solid Phase Mass**: The mass increases more rapidly with seed_loading = 0.15 compared to

0.10, reaching a higher final mass.
2. **d50 (Median Particle Size)**: The d50 value is consistently lower for seed_loading = 0.15,

indicating smaller particle sizes.
3. **PSD Width (d90–d10 Gap)**: The gap decreases more quickly for seed_loading = 0.15, suggesting

a narrower particle size distribution.
4. **Supersaturation & MZW**: Supersaturation levels are similar for both conditions, but the MZW

is higher for seed_loading = 0.15.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**:
- With seed_loading = 0.15, the solid phase mass reaches approximately 0.0038 kg by 20 hours,

compared to about 0.0035 kg for seed_loading = 0.10. This indicates a faster crystallization
process with higher seed loading.

2. **d50 (Median Particle Size)**:
- The d50 for seed_loading = 0.15 stabilizes around 30 μm, while for seed_loading = 0.10, it
reaches about 33 μm. Smaller particles are formed more quickly with higher seed loading.

3. **PSD Width (d90–d10 Gap)**:
- The gap reduces to about 25 μm for seed_loading = 0.15 and 30 μm for seed_loading = 0.10 by 20

hours. A narrower distribution is achieved faster with higher seed loading.
4. **Supersaturation & MZW**:

- Supersaturation levels are maintained around 1.2 for both conditions, but the MZW is higher for
seed_loading = 0.15, indicating a broader metastable zone and potentially more stable

crystallization.
# Summary of this controlled experiment: seed_loading = 0.10 and 0.15

Increasing the seed loading from 0.10 to 0.15 results in faster crystallization, as evidenced by a
quicker increase in solid phase mass and a more rapid reduction in PSD width. The smaller d50

values and narrower PSD width suggest more uniform particle sizes. Although supersaturation levels
remain similar, the higher MZW with seed_loading = 0.15 indicates a more stable crystallization
process. Therefore, using a seed_loading of 0.15 can save time and achieve faster crystallization.

interpretation is_summarized_as
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# Key differences
1. **API Solid Phase Mass**: At a cooling rate of 7.0, the API solid-phase mass increases more

rapidly and reaches a slightly higher final mass compared to a cooling rate of 5.25.
2. **d50 (Median Particle Size)**: The d50 value initially decreases for both cooling rates but

stabilizes and increases more quickly at a cooling rate of 7.0, resulting in a larger final
particle size.

3. **PSD Width (d90–d10 Gap)**: The PSD width decreases rapidly for both cooling rates, but the gap
is slightly narrower at a cooling rate of 7.0, indicating a more uniform particle size distribution.

4. **Supersaturation & MZW**: The supersaturation profile is higher and more stable at a cooling
rate of 7.0, with the metastable zone width (MZW) also being larger, indicating a more controlled

crystallization process.
# Aspect-by-aspect answers

1. **API Solid Phase Mass**:
- At a cooling rate of 7.0, the crystallization process is faster, as evidenced by the quicker

increase in solid-phase mass. The final mass is slightly higher, reaching approximately 0.0035 kg
compared to about 0.0033 kg at a cooling rate of 5.25.

2. **d50 (Median Particle Size)**:
- The faster cooling rate of 7.0 results in a quicker stabilization and increase in d50, reaching

around 32 μm compared to 30 μm at a cooling rate of 5.25. This suggests that larger particles are
formed more quickly.

3. **PSD Width (d90–d10 Gap)**:
- The PSD width narrows more rapidly at a cooling rate of 7.0, indicating a more uniform particle

size distribution. The gap reduces to about 25 μm compared to 28 μm at a cooling rate of 5.25.
4. **Supersaturation & MZW**:

- The supersaturation is higher and more stable at a cooling rate of 7.0, maintaining levels above
1.5, while the MZW is also larger. This suggests a more controlled and efficient crystallization

process.
# Summary of this controlled experiment: cooling_rate = 5.25 and 7.0

Increasing the cooling rate to 7.0 results in faster crystallization, as evidenced by the quicker
increase in API solid-phase mass and larger final particle size (d50). The process also achieves a
more uniform particle size distribution and maintains higher supersaturation levels, indicating a

more controlled crystallization environment. Therefore, to save time and achieve faster
crystallization, a cooling rate of 7.0 is more effective.
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