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Supplementary Information
This Supplementary Information accompanies the main text and provides methods, experimental data and supporting analyses for each component of the knowledge-intensified closed loop (KI-cLoop). Section S1 describes the knowledge sources, literature extraction workflow and knowledge graph representation. Section S2 presents candidate-route retrieval and QA system evaluation. Section S3 details the experimental methods and automated platform. Section S4 introduces the hybrid PINN–ODE procedure and its evaluation using the Paal–Knorr reaction. Section S5 presents experimental data and reaction performance under different conditions for the four peroxide routes. Section S6 describes peroxide kinetic modeling, condition screening and validation. Section S7 presents process-level environmental assessment and reactor scale-up analysis. Section S8 illustrates closed-loop knowledge reuse and decision support.
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[bookmark: RevSection_S1]S1 Knowledge sources, extraction and graph representation
KI-cLoop denotes the full knowledge-intensified closed-loop framework, and CWSKG provides its knowledge backbone. The knowledge-intensified (KI) system is the graph-based retrieval-augmented generation component, combining a language model, graph retrieval and numerical tools. Linking reaction records, experimental conditions and source evidence supports traceable retrieval, candidate-route screening and the accumulation of subsequent process knowledge. This section describes the data sources, attribute organization and literature extraction workflow.
[bookmark: RevTable_1]Supplementary Table 1 | Experimental systems
	Route
	Target
	Reactants and catalytic environment

	1
	TBHP
	tert-Butyl chloride and H2O2

	2
	TBHP
	tert-Butanol and H2O2; phosphotungstic acid

	3
	TBHP
	tert-Butanol and H2O2; trifluoroacetic acid

	4
	TBPB
	Benzaldehyde and TBHP; TBAI in acetonitrile



[bookmark: RevTable_2]Supplementary Table 2 | Abbreviations and evidence terminology
	Term
	Meaning

	TBCL
	tert-Butyl chloride

	TBA
	tert-Butanol

	TBHP
	tert-Butyl hydroperoxide

	DTBP
	Di-tert-butyl peroxide

	TBPB
	tert-Butyl peroxybenzoate

	TBAI
	Tetrabutylammonium iodide

	PTA
	Phosphotungstic acid

	Analytical concentration
	Concentration converted from a recorded peak area

	Processed concentration
	Concentrations calculated from those of other species using stoichiometric relationships

	Predicted value
	Output of a model at a specified input condition

	Simulated field
	Spatial result of the reactor model


[bookmark: RevSection_S1_1]S1.1 Source catalog and graph scope

Public source catalog
The source catalog includes the Lowe reaction deposit1, CoRE MOF dataset2 and associated methods3, and QMOF electronic-structure data4. The Clean Energy Project Database (CEPDB) provides calculated molecular properties for organic photovoltaic candidates5.
These sources cover molecular reactions, porous materials, inorganic structures, surface chemistry and calculated molecular properties. Supplementary Tables 3 and 4 list source releases and access links. 
[bookmark: RevTable_3]Supplementary Table 3 | Molecular and porous-material source references
	Source
	Public reference release
	Persistent link

	USPTO reactions
	Lowe deposit, 2017; patents 1976–September 2016; version 1
	

	CoRE MOF
	2019 dataset; version 1.1.0, 17 August 2019
	

	QMOF
	Version 14, 9 December 2021; versioned quantum-chemical deposit
	https://doi.org/10.6084/m9.figshare.13147324.v14

	CEPDB
	Calculated organic photovoltaic candidates; database description (2014)
	



Computational and catalytic source references
The knowledge graph includes computational data from the Materials Project6, Catalysis-Hub7, the OC208 and OC229 benchmark datasets, the Open Quantum Materials Database (OQMD)10 and the Joint Automated Repository for Various Integrated Simulations (JARVIS)11. These sources provide calculated crystal structures, material properties and surface-reaction information.
[bookmark: RevTable_4]Supplementary Table 4 | Computational source access and version conventions
	Source
	Release or snapshot convention
	Access and reference

	Materials Project
	Date-labeled database release; retain material ID, task IDs and export query
	https://materialsproject.org/
https://docs.materialsproject.org/changes/database-versions

	Catalysis-Hub
	Continuously updated publication-resolved collection; retain publication and reaction IDs
	https://www.catalysis-hub.org/energies
https://doi.org/10.1038/s41597-019-0081-y

	Open Catalyst Project
	Named datasets OC20 (2020) and OC22 (2022); retain dataset family, subset and configuration ID
	https://opencatalystproject.org/
https://arxiv.org/abs/2010.09990
https://arxiv.org/abs/2206.08917

	OQMD
	Locally retained subset; native record identifiers preserved
	


	JARVIS
	Locally retained subset; native record identifiers preserved
	




Source capabilities and graph scope
Supplementary Fig. 1 summarizes the types of information provided by the public sources.
[image: Supplementary Fig. 1 | Categorical source capability map.]
[bookmark: RevFig_1]Supplementary Fig. 1 | Categorical source capability map. Filled circles indicate principal capabilities in the source descriptions.
[bookmark: RevSection_S1_2]S1.2 Data sources, information extraction, and attribute classification

Provenance schema
Provenance is recorded for each imported record and its associated observation. The schema distinguishes the source record, imported data and subsequent transformations. 

Data sources, information extraction, and attribute classification
This section describes the sources used to build the knowledge graph, the information extracted during initial processing, and how this information is organized into attribute categories.
[image: Supplementary Fig. 2 | Data sources, information extraction, and attribute classification for the knowledge graph.]
[bookmark: RevFig_2]Supplementary Fig. 2 | Data sources, information extraction, and attribute classification for the knowledge graph. The diagram shows the data sources, the information extracted during initial processing, and the corresponding attribute categories.

Entity and relation mapping
The material hierarchy connects broad material classes to specific identities. Relations that indicate category membership are distinct from relations that describe a physical interaction or a reaction event. Supplementary Table 5 defines relations for material classification, reactions, catalysis and adsorption.
[bookmark: RevTable_5]Supplementary Table 5 | Relation-mapping specification
	Subject type
	Relation
	Object type
	Qualification

	Material
	belongs_to
	Material class
	Taxonomic membership

	Reaction record
	has_reactant
	Material
	Reactant role and stoichiometry

	Reaction record
	has_product
	Material
	Product role and yield basis

	Reaction record
	uses_catalyst
	Material
	Loading and chemical form

	Material
	adsorbs
	Material
	Surface state and adsorption conditions

	Observation
	describes
	Material / reaction
	Property type and condition

	Observation
	supported_by
	Evidence span
	Document, location and source identity


Each reactant–product connection links to a reaction record containing co-reactants, catalyst, solvent and procedure.
[bookmark: RevSection_S1_3]S1.3 Identifying sparse regions in reaction space

Reaction fingerprints were used to organize and visualize the reaction space in main-text Fig. 212. Records were reconstructed from patent–paragraph–product groups in the project’s USPTO-derived table, retaining source row identifiers. Structure and atom-mapping checks preceded classification and sampling. The map contains 12,188 records selected by class-stratified sampling, including 26 records with organic peroxide products from 20 patents. Ten conventional transformation classes13 were assigned using Rxn-INSIGHT14; unresolved records were retained as unclassified/other.
Label-independent reaction-center fingerprints encoded bond and atom changes and local chemical environments. After dimensionality reduction, all records were projected together using unsupervised t-SNE15, with reaction classes used only for coloring.
Sparse regions are identified using distances to the nearest reference samples in the original fingerprint space. Five source-verified reaction examples are highlighted in the cluster visualization to illustrate reaction structures that are sparsely represented in the curated reference set.
[bookmark: RevSection_S1_4]S1.4 Literature extraction and record structure
Literature and patent passages are converted into structured graph records through ontology-guided extraction, evidence alignment and review (Supplementary Figs. 3 and 4).
[image: Supplementary Fig. 3 | Literature-to-record extraction protocol.]
[bookmark: RevFig_3]Supplementary Fig. 3 | Literature-to-record extraction protocol. The workflow comprises passage retrieval, ontology-guided extraction, field validation, evidence alignment, human review and graph record assembly.
Structured extraction output
[image: Supplementary Fig. 4 | Three-layer extraction record.]
[bookmark: RevFig_4]Supplementary Fig. 4 | Three-layer extraction record. Material identity, observation context and source evidence remain linked. Each row represents a different record layer, and arrows indicate links between layers.
[bookmark: RevSection_S2]S2 Candidate retrieval and QA evaluation
This section describes how retrieved reaction evidence supports candidate-route screening and how access to project knowledge and numerical tools supports chemistry and process reasoning. It first presents the retrieval evidence used for experimental route selection, followed by a separate QA evaluation.
[bookmark: RevSection_S2_1]S2.1 Candidate network and evidence context
The retrieved candidate network contains twelve material nodes connected by twelve directed edges before experimental screening. It records the evidence context used to select the four experimental routes and links their precursors and products to source records. The selected reaction systems and experimental implementation are described in section S3.
[image: Supplementary Fig. 5 | Candidate evidence network before screening.]
[bookmark: RevFig_5]Supplementary Fig. 5 | Candidate evidence network before screening. Node labels use the material names or structural-family labels in the retained record. Colors separate precursor-to-TBA, TBHP-forming and TBPB-forming connections. The candidate reactions are listed in Supplementary Table 6.

Candidate reaction pathways
The table below summarizes the candidate reaction pathways and provides a brief description of each.
[bookmark: RevTable_6]Supplementary Table 6 | Candidate reaction pathways and their descriptions
	ID
	Source
	Target
	Yield

	E01
	C4 precursor
	TBA
	84%

	E02
	THP ether precursor
	TBA
	96%

	E03
	Silyl ether precursor
	TBA
	99%

	E04
	CO2 record
	TBA
	97.5%

	E05
	Diol precursor
	TBA
	93%

	E06
	C4 precursor
	TBHP
	20.0%

	E07
	TBA
	TBHP
	94.3%

	E08
	DTBP
	TBHP
	/

	E09
	tert-Butylamine
	TBHP
	98.8%

	E10
	TBHP
	TBPB
	93%

	E11
	Benzaldehyde
	TBPB
	20%

	E12
	Benzoyl chloride
	TBPB
	93%


The candidate graph connects the TBA-, TBHP- and TBPB-related evidence used in screening; the experimental route descriptions specify the operational conditions.
[bookmark: RevSection_S2_2]S2.2 Retrieval based on question type

The system first determines whether a question concerns reaction applications, kinetics, or a specific reaction pathway and retrieves the relevant information. Questions outside these categories are handled through entity matching and semantic similarity search. The retrieval order determines which information is used to support the answer.
[image: Supplementary Fig. 6 | Retrieval based on question type.]
[bookmark: RevFig_6]Supplementary Fig. 6 | Retrieval based on question type. The system selects a retrieval method according to whether the question concerns reaction applications, kinetics, or a specific reaction pathway. Other questions are handled through entity matching and semantic similarity search. The system returns relevant information or an answer; when a language model is used, the retrieved information supports answer generation. Retrieval settings are provided in Supplementary Table 7.

Retrieval configuration
The node vector store is built from node identities and connected to the context table by name. The configured node embedding is all-MiniLM-L6-v2. The context-filtering function embeds context statements with PubMedBERT-based embeddings.
For quoted target names, the entry point tries exact, normalized and fuzzy matching before vector retrieval. The pathway search maintains a visited-node set, limits traversal depth and returns a bounded set of directed paths.
[bookmark: RevTable_7]Supplementary Table 7 | Retrieval settings
	Setting
	Value / behavior

	Node embedding
	sentence-transformers/all-MiniLM-L6-v2

	Context embedding
	NeuML/pubmedbert-base-embeddings

	Context volume
	150, as configured

	Context similarity percentile
	75

	Minimum context similarity
	0.5

	Fuzzy name threshold
	0.92

	Vector fallback
	Top 3; first linkable context

	Source-target pathway depth
	Maximum 3 edges

	Returned pathways
	Maximum 5

	Index chunk / overlap / batch
	650 / 200 / 200


[bookmark: RevSection_S2_3]S2.3 Benchmark design and evaluation
The QA benchmark evaluates how project evidence and numerical tools support answers to chemistry and process questions.

Benchmark composition
The completed case set contains 120 questions, with 20 in each of six categories (Supplementary Table 8). The questions draw on four kinetic routes and one engineering model. Supplementary Data provides the 120 questions and scientific reference answers. Aggregate evaluation results are reported in Supplementary Fig. 7 and Supplementary Table 10.
[bookmark: RevTable_8]Supplementary Table 8 | Task-group definitions
	Group
	Questions
	Primary task

	Q1
	20
	General kinetic concepts

	Q2
	20
	Project parameters

	Q3
	20
	Matched experimental evidence

	Q4
	20
	Competition between main and side reactions

	Q5
	20
	Condition sensitivity and recommendations

	Q6
	20
	Engineering scale-up and evidence limits



[image: Supplementary Fig. 7 | The KI system and general-model performance on the frozen 120-question case set.]
[bookmark: RevFig_7]Supplementary Fig. 7 | The KI system and general-model performance on the frozen 120-question case set. a, Overall completion; bars are the average of two evaluators, and circles and squares show the individual evaluator means. b, General concepts (Q1, 20 questions) and project-dependent tasks (Q2–Q6, 100 questions). c, Task completion by category (20 questions per category). d, Scientific validity and alignment of conclusions with available evidence, each scored on a 0–2 scale. Evaluation methods and system configurations are described in sections S2.3–S2.4 (Supplementary Data).

Evaluation quantities and interpretation
GPT-5.6 Sol and GLM-5.3 independently evaluated the five answers to each question using randomized candidate labels, the reference evidence and the same rubric. Task completion (0–4), scientific validity (0–2) and alignment of conclusions with available evidence (0–2) were scored separately. The completion score is 25 times the mean of the two evaluator scores, averaged over questions.
[bookmark: RevTable_9]Supplementary Table 9 | Distinct evaluation dimensions
	Dimension
	Definition

	Task completion
	0–4; both-evaluator mean × 25 → 0–100

	Scientific validity
	0–2; exclude non-applicable judgments only here

	Alignment of conclusions with available evidence
	0–2; extent to which conclusions are supported by the available evidence

	Unsupported project claims
	Flagged separately; not an added score penalty

	Abstention / technical issues
	Preserved with per-answer records

	Evaluator disagreement
	Absolute completion-score difference



The KI system comprises the existing local Qwen2 generator, access to the frozen project graph and deterministic numerical tools. The four general models receive only the question and shared response instruction, without project records, graph context, tool outputs or reference answers.
Both machine evaluators also appear among the compared models; evidence citations can make some answers recognizable despite label randomization. Evaluator disagreement, unsupported project claims, abstention, technical retries and reference-concern flags are retained.
[bookmark: RevSection_S2_4]S2.4 Evaluated systems and results

Evaluated systems and completed results
The local model is Qwen2-7B-Instruct. The general-purpose models were GPT-5.6 Sol, Qwen3.8-Max, DeepSeek-V4-Pro-0813, and GLM-5.3.
[bookmark: RevTable_10]Supplementary Table 10 | System configuration and observed mean scores
	System
	Overall /100
	Q1 /100
	Q2–Q6 /100
	Scientific /2
	Alignment with available evidence /2

	The KI system (Qwen2 + graph + tools)
	79.79
	76.25
	80.50
	1.42
	1.58

	GPT-5.6 Sol
	47.71
	100.00
	37.25
	1.99
	1.75

	Qwen3.8-Max
	48.23
	98.75
	38.13
	1.92
	1.69

	DeepSeek-V4-Pro-0813
	46.88
	98.13
	36.63
	1.76
	1.52

	GLM-5.3
	47.81
	98.75
	37.63
	1.90
	1.73



The KI system achieved a task-completion score of 80.50/100 on project-dependent questions (Q2–Q6), compared with 36.63–38.13/100 for the general models, a difference of 42.4–43.9 points (Supplementary Fig. 7 and Table 10). Across all 120 questions, the corresponding scores were 79.79 and 46.88–48.23. On general-concept questions (Q1), the KI system scored 76.25 versus 98.13–100.00.
[bookmark: RevSection_S3]S3 Experimental methods and automated platform
The four peroxide synthesis routes selected through graph-based retrieval and screening were investigated experimentally to obtain the reaction data required for subsequent kinetic inference. For each route, concentration–residence-time profiles were acquired under different operating conditions to characterize reaction progress and its dependence on temperature, feed composition and, where applicable, catalyst or acid loading.
This section describes the experimental design and route-specific conditions (S3.1), followed by the apparatus (S3.2), module configurations (S3.3), automated operation (S3.4) and analytical procedures (S3.5) used to obtain these data. In addition, the Paal–Knorr benchmark reaction was performed on the experimental platform to generate data for subsequent validation (Section S3.6).
[bookmark: RevSection_S3_1]S3.1 Four reaction routes and experimental conditions
Each experimental condition set was defined by a fixed temperature and feed composition, with reaction progress sampled at different residence times. Across the four routes, 60 condition sets were investigated. Each set comprised one calculated inlet state and six non-zero-time observations, yielding 420 processed concentration states in total: 60 inlet states and 360 non-zero-time observations. Supplementary Table 11 summarizes the experimental conditions and residence-time ranges; reagent specifications and individual feed settings are provided below. Experimental data processing and kinetic modeling are described in S3.5 and S6, respectively.
[bookmark: RevTable_11]Supplementary Table 11 | Experimental conditions and residence-time ranges
	Route
	Condition sets
	Data records
	Non-zero time range (min)

	1
	13
	91
	1.03–28.86

	2
	15
	105
	0.67–28.62

	3
	17
	119
	0.67–28.62

	4
	15
	105
	0.88–24.74


Within each route, stock-solution compositions were fixed, and feed molar ratios were set through the individual feed flow rates. Temperature was controlled by the reaction module, and residence time was varied by selecting reactor coils of different volumes. The route-specific feeds and experimental series are described below.

Route 1 experimental conditions
H₂O₂ was supplied as a 50 wt% aqueous solution (Guangdong Meiheng New Material Technology Co., Ltd.; density, 1.1953 g mL⁻¹). TBCL (Adamas, RG, 99%; density, 0.851 g mL⁻¹) was used neat.
Three process parameters were varied: the H₂O₂/TBCL molar ratio, reaction temperature and residence time. The molar ratio was adjusted through the two feed flow rates at a total flow rate of 6.00 mL min⁻¹.
[bookmark: RevTable_12]
Supplementary Table 12 | Route 1 experimental conditions
	ID/ worksheet
	T (°C)
	Feed molar ratio
	Feed flow rate
(mL min⁻¹)
	Inlet concentration
(mol L⁻¹)
	Maximum
residence
time (min)

	
	
	H₂O₂/
TBCL
	TBCL
	H₂O₂
	Total
	TBCL
	H₂O₂
	

	R1-01
1-40
	40
	1.0
	3.909
	2.091
	6.00
	5.99
	5.99
	28.9

	R1-02
2-40
	40
	2.0
	2.899
	3.101
	6.00
	4.44
	8.88
	28.9

	R1-03
3-40
	40
	3.0
	2.304
	3.696
	6.00
	3.53
	10.6
	28.9

	R1-04
4-40
	40
	4.0
	1.911
	4.089
	6.00
	2.93
	11.7
	28.9

	R1-05
5-40
	40
	5.0
	1.633
	4.367
	6.00
	2.5
	12.5
	28.9

	R1-06
6-40
	40
	6.0
	1.426
	4.574
	6.00
	2.18
	13.1
	28.9

	R1-07
3.5-30
	30
	3.5
	2.089
	3.911
	6.00
	3.2
	11.2
	28.9

	R1-08
3.5-35
	35
	3.5
	2.089
	3.911
	6.00
	3.2
	11.2
	28.9

	R1-09
3.5-40
	40
	3.5
	2.089
	3.911
	6.00
	3.2
	11.2
	28.9

	R1-10
3.5-45
	45
	3.5
	2.089
	3.911
	6.00
	3.2
	11.2
	28.9

	R1-11
3.5-50
	50
	3.5
	2.089
	3.911
	6.00
	3.2
	11.2
	28.9

	R1-12
3.5-55
	55
	3.5
	2.089
	3.911
	6.00
	3.2
	11.2
	28.9

	R1-13
3.5-60
	60
	3.5
	2.089
	3.911
	6.00
	3.2
	11.2
	28.9


Total flow includes only the reaction feeds. Inlet concentrations were calculated from the feed compositions and flow rates. Route 1 inlet concentrations were calculated using an H₂O₂ mass fraction of 49.08 wt%.

Route 2 experimental conditions
TBA (Greagent, AR, ≥99.5%) was prepared as a 90 wt% solution to prevent crystallization at low temperature; the feed density was 0.8045 g mL⁻¹. The H₂O₂ feed was the 50 wt% aqueous solution described for Route 1 above. Phosphotungstic acid (PTA) hydrate (Adamas, RG, 99%) was dissolved in water to prepare a 66.6 wt% feed solution (density, 1.9518 g mL⁻¹). A molar mass of 2988.13 g mol⁻¹ was used for the hydrate in the calculations.
Three experimental series were conducted. First, the PTA/TBA molar ratio was varied from 0.01 to 0.05 at a fixed H₂O₂/TBA molar ratio of 1.5 and 70 °C. Second, the H₂O₂/TBA molar ratio was varied from 1.2 to 2.0 at 70 °C while the PTA feed flow rate and total flow rate were held at 1.60 and 6.00 mL min⁻¹, respectively, maintaining a PTA inlet concentration of 0.116 mol L⁻¹. Third, temperature was varied from 60 to 80 °C with all feed compositions and flow rates fixed, at an H₂O₂/TBA molar ratio of 2.2.
[bookmark: RevTable_13]
Supplementary Table 13 | Route 2 experimental conditions
	ID/ worksheet
	T (°C)
	Feed molar ratio
	Feed flow rate
(mL min⁻¹)
	Inlet concentration
(mol L⁻¹)
	Maximum
residence
time (min)

	
	
	H₂O₂/
TBA
	PTA/TBA
	TBA
	H₂O₂
	PTA
	Total
	TBA
	H₂O₂
	PTA
	

	R2-01
1.5-0.01-70
	70
	1.5
	0.0100
	3.401
	2.836
	0.763
	7.00
	4.75
	7.12
	0.0475
	24.5

	R2-02
1.5-0.02-70
	70
	1.5
	0.0200
	3.067
	2.557
	1.376
	7.00
	4.28
	6.42
	0.0856
	24.5

	R2-03
1.5-0.03-70
	70
	1.5
	0.0300
	2.793
	2.328
	1.879
	7.00
	3.9
	5.84
	0.117
	24.5

	R2-04
1.5-0.04-70
	70
	1.5
	0.0400
	2.563
	2.137
	2.300
	7.00
	3.58
	5.36
	0.143
	24.5

	R2-05
1.5-0.05-70
	70
	1.5
	0.0500
	2.369
	1.975
	2.657
	7.00
	3.31
	4.96
	0.165
	24.5

	R2-06
1.2-1.6-70
	70
	1.2
	0.0270
	2.639
	1.761
	1.600
	6.00
	4.3
	5.16
	0.116
	28.6

	R2-07
1.4-1.6-70
	70
	1.4
	0.0288
	2.474
	1.926
	1.600
	6.00
	4.03
	5.64
	0.116
	28.6

	R2-08
1.6-1.6-70
	70
	1.6
	0.0306
	2.329
	2.071
	1.600
	6.00
	3.79
	6.07
	0.116
	28.6

	R2-09
1.8-1.6-70
	70
	1.8
	0.0324
	2.199
	2.201
	1.600
	6.00
	3.58
	6.45
	0.116
	28.6

	R2-10
2.0-1.6-70
	70
	2.0
	0.0342
	2.084
	2.316
	1.600
	6.00
	3.39
	6.78
	0.116
	28.6

	R2-11
2.2-1.5-60
	60
	2.2
	0.0330
	2.024
	2.476
	1.500
	6.00
	3.3
	7.25
	0.109
	28.6

	R2-12
2.2-1.5-65
	65
	2.2
	0.0330
	2.024
	2.476
	1.500
	6.00
	3.3
	7.25
	0.109
	28.6

	R2-13
2.2-1.5-70
	70
	2.2
	0.0330
	2.024
	2.476
	1.500
	6.00
	3.3
	7.25
	0.109
	28.6

	R2-14
2.2-1.5-75
	75
	2.2
	0.0330
	2.024
	2.476
	1.500
	6.00
	3.3
	7.25
	0.109
	28.6

	R2-15
2.2-1.5-80
	80
	2.2
	0.0330
	2.024
	2.476
	1.500
	6.00
	3.3
	7.25
	0.109
	28.6


PTA, phosphotungstic acid. Total flow includes only the reaction feeds. Inlet concentrations were calculated from the feed compositions and flow rates.

Route 3 experimental conditions
The TBA and H₂O₂ feeds were the same as those described for Route 2 above. Trifluoroacetic acid (TFA; Adamas, RG, 99%+ (T); density, 1.489 g mL⁻¹) was used neat.
Three experimental series were conducted. First, the TFA/TBA molar ratio was varied from 0.3 to 0.8 at a fixed H₂O₂/TBA molar ratio of 1.5 and 70 °C. Second, the H₂O₂/TBA molar ratio was varied from 1.2 to 2.0 at 70 °C while the TFA feed flow rate and total flow rate were held at 1.25 and 6.00 mL min⁻¹, respectively, maintaining a TFA inlet concentration of 2.72 mol L⁻¹. Third, temperature was varied from 60 to 85 °C with all feed compositions and flow rates fixed, at an H₂O₂/TBA molar ratio of 1.9.
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Supplementary Table 14 | Route 3 experimental conditions
	ID/ worksheet
	T (°C)
	Feed molar ratio
	Feed flow rate
(mL min⁻¹)
	Inlet concentration
(mol L⁻¹)
	Maximum
residence
time (min)

	
	
	H₂O₂/
TBA
	TFA/TBA
	TBA
	H₂O₂
	TFA
	Total
	TBA
	H₂O₂
	TFA
	

	R3-01
1.5-0.3-70
	70
	1.5
	0.3000
	3.401
	2.836
	0.763
	7.00
	4.75
	7.12
	1.42
	24.5

	R3-02
1.5-0.4-70
	70
	1.5
	0.4000
	3.282
	2.736
	0.982
	7.00
	4.58
	6.87
	1.83
	24.5

	R3-03
1.5-0.5-70
	70
	1.5
	0.5000
	3.171
	2.644
	1.186
	7.00
	4.42
	6.64
	2.21
	24.5

	R3-04
1.5-0.6-70
	70
	1.5
	0.6000
	3.067
	2.557
	1.376
	7.00
	4.28
	6.42
	2.57
	24.5

	R3-05
1.5-0.7-70
	70
	1.5
	0.7000
	2.969
	2.476
	1.555
	7.00
	4.14
	6.22
	2.9
	24.5

	R3-06
1.5-0.8-70
	70
	1.5
	0.8000
	2.878
	2.400
	1.722
	7.00
	4.02
	6.02
	3.21
	24.5

	R3-07
1.2-1.25-70
	70
	1.2
	0.5865
	2.849
	1.901
	1.250
	6.00
	4.64
	5.57
	2.72
	28.6

	R3-08
1.4-1.25-70
	70
	1.4
	0.6256
	2.671
	2.079
	1.250
	6.00
	4.35
	6.09
	2.72
	28.6

	R3-09
1.6-1.25-70
	70
	1.6
	0.6647
	2.514
	2.236
	1.250
	6.00
	4.09
	6.55
	2.72
	28.6

	R3-10
1.8-1.25-70
	70
	1.8
	0.7038
	2.374
	2.376
	1.250
	6.00
	3.87
	6.96
	2.72
	28.6

	R3-11
2.0-1.25-70
	70
	2.0
	0.7429
	2.249
	2.501
	1.250
	6.00
	3.66
	7.32
	2.72
	28.6

	R3-12
1.9-1.25-60
	60
	1.9
	0.7234
	2.310
	2.440
	1.250
	6.00
	3.76
	7.15
	2.72
	28.6

	R3-13
1.9-1.25-65
	65
	1.9
	0.7234
	2.310
	2.440
	1.250
	6.00
	3.76
	7.15
	2.72
	28.6

	R3-14
1.9-1.25-70
	70
	1.9
	0.7234
	2.310
	2.440
	1.250
	6.00
	3.76
	7.15
	2.72
	28.6

	R3-15
1.9-1.25-75
	75
	1.9
	0.7234
	2.310
	2.440
	1.250
	6.00
	3.76
	7.15
	2.72
	28.6

	R3-16
1.9-1.25-80
	80
	1.9
	0.7234
	2.310
	2.440
	1.250
	6.00
	3.76
	7.15
	2.72
	28.6

	R3-17
1.9-1.25-85
	85
	1.9
	0.7234
	2.310
	2.440
	1.250
	6.00
	3.76
	7.15
	2.72
	28.6


TFA, trifluoroacetic acid. Total flow includes only the reaction feeds. Inlet concentrations were calculated from the feed compositions and flow rates.

Route 4 experimental conditions
TBHP was used as a 70 wt% aqueous solution (Aladdin; density, 0.901 g mL⁻¹). Benzaldehyde (PhCHO) (Greagent, AR, ≥99.0%; density, 1.04 g mL⁻¹) was used neat. TBAI (Adamas, 99%+ (HPLC)) was dissolved in acetonitrile (Adamas, HPLC grade, 99.9%) to prepare a 38.88 wt% feed solution (density, 0.9006 g mL⁻¹).
Three experimental series were conducted at a total feed flow rate of 7.00 mL min⁻¹. First, the TBAI/PhCHO molar ratio was varied from 0.05 to 0.25 at a fixed TBHP/PhCHO molar ratio of 1.5 and 60 °C. Second, the TBHP/PhCHO molar ratio was varied from 1.1 to 2.0 at 60 °C with the TBAI feed flow rate fixed at 2.30 mL min⁻¹, maintaining a TBAI inlet concentration of 0.311 mol L⁻¹. An additional condition at a TBHP/PhCHO molar ratio of 2.3 used a TBAI feed flow rate of 2.00 mL min⁻¹ (inlet concentration, 0.271 mol L⁻¹). Third, temperature was varied from 45 to 65 °C with all feed compositions and flow rates fixed, at a TBHP/PhCHO molar ratio of 1.6.
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Supplementary Table 15 | Route 4 experimental conditions
	ID/ worksheet
	T (°C)
	Feed molar ratio
	Feed flow rate
(mL min⁻¹)
	Inlet concentration
(mol L⁻¹)
	Maximum
residence
time (min)

	
	
	TBHP /Ph
CHO
	TBAI /Ph
CHO
	Ph
CHO
	TBHP
	TBAI
	Total
	Ph
CHO
	TBHP
	TBAI
	

	R4-01
1.5-0.05-60
	60
	1.5
	0.0500
	1.935
	4.065
	1.000
	7.00
	2.71
	4.06
	0.135
	24.7

	R4-02
1.5-0.1-60
	60
	1.5
	0.1000
	1.693
	3.556
	1.750
	7.00
	2.37
	3.56
	0.237
	24.7

	R4-03
1.5-0.15-60
	60
	1.5
	0.1500
	1.505
	3.161
	2.334
	7.00
	2.11
	3.16
	0.316
	24.7

	R4-04
1.5-0.20-60
	60
	1.5
	0.2000
	1.354
	2.845
	2.801
	7.00
	1.9
	2.84
	0.379
	24.7

	R4-05
1.5-0.25-60
	60
	1.5
	0.2500
	1.231
	2.586
	3.182
	7.00
	1.72
	2.59
	0.431
	24.7

	R4-06
1.1-2.3-60
	60
	1.1
	0.1203
	1.850
	2.850
	2.300
	7.00
	2.59
	2.85
	0.311
	24.7

	R4-07
1.4-2.3-60
	60
	1.4
	0.1399
	1.590
	3.110
	2.300
	7.00
	2.23
	3.11
	0.311
	24.7

	R4-08
1.7-2.3-60
	60
	1.7
	0.1601
	1.390
	3.310
	2.300
	7.00
	1.95
	3.31
	0.311
	24.7

	R4-09
2.0-2.3-60
	60
	2.0
	0.1794
	1.240
	3.460
	2.300
	7.00
	1.74
	3.46
	0.311
	24.7

	R4-10
2.3-2.0-60
	60
	2.3
	0.1633
	1.185
	3.815
	2.000
	7.00
	1.66
	3.81
	0.271
	24.7

	R4-11
1.6-2.0-45
	45
	1.6
	0.1254
	1.543
	3.457
	2.000
	7.00
	2.16
	3.46
	0.271
	24.7

	R4-12
1.6-2.0-50
	50
	1.6
	0.1254
	1.543
	3.457
	2.000
	7.00
	2.16
	3.46
	0.271
	24.7

	R4-13
1.6-2.0-55
	55
	1.6
	0.1254
	1.543
	3.457
	2.000
	7.00
	2.16
	3.46
	0.271
	24.7

	R4-14
1.6-2.0-60
	60
	1.6
	0.1254
	1.543
	3.457
	2.000
	7.00
	2.16
	3.46
	0.271
	24.7

	[bookmark: _Hlk242637887]R4-15
1.6-2.0-65
	65
	1.6
	0.1254
	1.543
	3.457
	2.000
	7.00
	2.16
	3.46
	0.271
	24.7


Total flow includes only the reaction feeds. Inlet concentrations were calculated from the feed compositions and flow rates.
[bookmark: RevSection_S3_2]S3.2 Experimental apparatus
Although numerous synthetic routes have been reported, systematic reaction data and validated process knowledge remain limited. To address this knowledge gap, KI-cLoop aims to efficiently acquire reaction data across different reaction systems and operating conditions. The automated continuous-flow platform therefore adopts a modular design, allowing experimental configurations to be readily adapted to route-specific requirements and reducing the effort required to establish each experimental workflow. This flexibility facilitates systematic acquisition of concentration–residence-time profiles under different temperatures, feed molar ratios and catalyst or acid loadings. These measurements provide the experimental basis for subsequent kinetic inference and assessment of how operating conditions affect reaction behavior.
As outlined in Supplementary Fig. 8, the platform integrates modular instruments, a shared collaborative robot and scheduling software. Together, they coordinate reagent preparation, continuous-flow experiments and chromatographic analysis. The individual modules are described below, followed by their configuration for Routes 1–4 in section S3.3 and automated operation in section S3.4.
[image: Supplementary Fig. 8 | Overall framework of the modular automated platform.]
[bookmark: RevFig_8]Supplementary Fig. 8 | Overall framework of the modular automated platform. Modular instruments perform feed preparation, continuous-flow reaction, sampling and analysis. A shared collaborative robot transfers materials between sections, while scheduling software coordinates the experimental workflow. The diagram also places the laboratory platform in the broader context of process scale-up.
The platform comprises a feed preparation module (labeled “Preparation Module” in main-text Fig. 3c), a switching module, feeding modules, a reaction module, a sampling module and a modified HPLC system. Feed preparation refers to preparing reagent solutions before reaction; the sampling module prepares reaction samples for HPLC. The function of each module is described below.
[image: Supplementary Fig. 9 | Automated feed preparation module.]
[bookmark: RevFig_9]Supplementary Fig. 9 | Automated feed preparation module. a, Front view. b, Side view. c, Fluidic schematic showing selection of four feedstocks and cleaning solvent for syringe-pump dispensing. The module combines mass-monitored liquid addition, bottle opening and closing, and shaking to prepare mixed reagent solutions.
Feed preparation module: Reagent solutions are prepared by dispensing up to four liquid components into a 1 L bottle according to specified masses. A syringe pump and a selector valve draw each component from its stock reservoir, while a balance monitors the amount added. The module automatically opens the bottle, dispenses the liquids, closes the bottle and shakes it to mix the solution. Rinsing lines and a separate waste outlet allow the shared dispensing path to be cleaned between liquids and after preparation.

[image: Supplementary Fig. 10 | Switching module.]
[bookmark: RevFig_10]Supplementary Fig. 10 | Switching module. a, Front view showing bottle docking and weighing. b, Top view of the four-bottle arrangement. c, Schematic of the independent reagent outlets and balances. Automated Luer connections link the bottles to the downstream feed lines, while weighing monitors the remaining reagent mass.
Switching module: The switching module holds up to four 1 L reagent bottles, each with an independent outlet and a balance for monitoring the remaining reagent mass. Automated Luer connections couple the bottles to the downstream tubing and can be released for bottle replacement. This arrangement makes several prepared solutions available to the feeding module without manually reconnecting individual feed lines. Bottle docking and weighing support reagent management during a sequence of experiments.

[image: Supplementary Fig. 11 | Feeding module.]
[bookmark: RevFig_11]Supplementary Fig. 11 | Feeding module. a, Front view of the two pumping channels. b, Fluidic schematic for one channel, showing inlet selection, constant-flow delivery and diversion to a waste outlet. The peristaltic pump assists in removing trapped air before the channel is reconnected to the reactor.
Feeding module: Two independent constant-flow pumping channels deliver the reagent streams to the reactor. An inlet valve on each channel selects between two liquid sources, enabling changes between reagent solutions and cleaning solvent. Each constant-flow pump uses a dual-piston arrangement to provide continuous delivery. After switching feeds, an outlet valve diverts flow to waste and a peristaltic pump assists in removing trapped air from the pump head. Once the liquid path has been primed, the outlet is reconnected to the reactor. This priming step helps prevent interruptions in reagent delivery caused by bubbles.

[image: Supplementary Fig. 12 | Reaction module.]
[bookmark: RevFig_12]Supplementary Fig. 12 | Reaction module. a–c, Front, side and top views, respectively. d, Schematic of the fluidic connections and temperature-control components. Separate feed streams are preheated and mixed before entering one of eight selectable reactor coils. A stirred silicone-oil bath, thermoelectric modules and compressor cooling provide temperature control. Pt1000 RTD, platinum resistance temperature detector.
Reaction module: The two feed streams pass through separate preheating lines before entering a micromixer. The mixed stream then flows through one of eight selectable reactor coils. Two selector valves connect the inlet and outlet of the chosen coil, allowing the reactor volume to be changed without manually replacing the flow path. Together with the total flow rate, the selected coil volume determines the nominal residence time.
The preheating lines, micromixer and reactor coils are housed in a stirred silicone-oil bath with a designed operating range of 0–100 °C. Thermoelectric modules provide heating and cooling, supplemented by compressor cooling at temperatures below 35 °C. Two Pt1000 resistance temperature sensors monitor the bath, and feedback control regulates its temperature. Stirring promotes uniform bath temperature around the coils. The bath temperature is the controlled hardware variable. The fitted kinetics are apparent values under the reported phase, mixing and temperature conditions; possible transport contributions were not separately quantified.
The reactor coils were mounted on removable holders, allowing tubing of different lengths to be installed to suit the residence-time range of each reaction. During a run, valves selected among the installed coils. Residence time was calculated as τ = V/Q, where V is the liquid hold-up volume of the selected reaction flow path and Q is the combined reaction-feed flow rate, excluding downstream quench and dilution streams.

[image: Supplementary Fig. 13 | Sampling module.]
[bookmark: RevFig_13]Supplementary Fig. 13 | Sampling module. a–c, Front, side and top views, respectively. d, Sampling mode, in which the reaction stream fills the sample loop. e, Dilution mode, in which a syringe pump flushes the captured sample with diluent into a collection tube. The module subsequently mixes and filters the sample and dispenses it into an HPLC vial.
Sampling module: A two-position six-port valve with a sample loop withdraws a defined sample volume from the flowing reaction mixture. In sampling mode, the reaction stream fills the loop. Switching to dilution mode allows a syringe pump to flush the captured sample with a metered volume of diluent into a collection tube. The diluted sample is mixed, transferred by a piston pump and passed through a disposable syringe filter into an HPLC vial. Automated handling connects and discards the filter and positions the collection tubes and vials. Dedicated rinsing and waste lines support cleaning of the transfer path. The module accommodates up to 25 samples per loaded set of consumables. The quench and dilution corrections used for concentration calculations are described in section S3.5.

[image: Supplementary Fig. 14 | Modified HPLC system and collaborative robot.]
[bookmark: RevFig_14]Supplementary Fig. 14 | Modified HPLC system and collaborative robot. a, HPLC and robot arrangement with an actuator for the autosampler drawer, a tray staging position and a gripper adapter for vial-tray transfer. b, Compatible trays for centrifuge tubes, syringe filters and needles, and HPLC vials. The shared tray interface connects sample preparation with chromatographic analysis. HPLC, high-performance liquid chromatography.
Modified HPLC system and collaborative robot: A robot equipped with a gripper and a tray adapter transfers prepared vial trays from the sampling module to the HPLC autosampler. An actuator opens and closes the autosampler drawer. Compatible trays hold collection tubes, syringe filters and HPLC vials, allowing these consumables to be handled in batches. Consumables are loaded manually before operation and replenished by replacing the trays. Automated HPLC scheduling and report retrieval are described in section S3.4, and chromatographic methods and quantification procedures in section S3.5.
[bookmark: RevSection_S3_3]S3.3 Module configuration for Routes 1–4
The modules were connected to suit each reaction workflow (Supplementary Fig. 15). Their modular design and compatible interfaces allowed the apparatus to be assembled and reconfigured for different processes. Each of Routes 1–4 used one switching module, two feeding modules, one reaction module, one sampling module and one modified HPLC system, with one shared collaborative robot for bottle and vial-tray transfer. A feed preparation module prepared the solutions required for Routes 2 and 3.
Each reaction feed and quench liquid occupied one position in the four-position switching module. Route 1 used three positions for TBCL, H₂O₂ and the quench liquid. Routes 2–4 each used four positions for the two reactants, the acid or catalyst solution, and the quench liquid. The two feeding modules provided four independently controlled pumping channels, with pumps selected to meet the required flow rates.
The feed preparation module used three of its four reagent inlets for TBA, 50 wt% aqueous NaOH and water. It prepared 90 wt% TBA, 5 wt% NaOH and 10 wt% NaOH by dispensing the appropriate components at the specified mass ratios and mixing them in separate bottles. The fourth inlet was unused. PTA and TBAI were supplied as the prepared solutions described in section S3.1. Feed preparation for the Paal–Knorr benchmark is described in section S3.6.
For each route, the prepared feeds were connected to the switching module and delivered by the feeding modules at the specified flow rates. The reaction module controlled the temperature and selected reactor coil. The outlet stream was mixed with the route-specific quench liquid before collection by the sampling module: acetonitrile/methanol for Route 1, aqueous NaOH for Routes 2 and 3, and acetonitrile for Route 4. After sample preparation, vial trays were transferred to the HPLC system. Quench conditions and dilution factors are given in section S3.5; the software workflow used to execute these operations is described in section S3.4.
[image: Supplementary Fig. 15 | Apparatus configuration for Routes 1–4.]
[bookmark: RevFig_15]Supplementary Fig. 15 | Apparatus configuration for Routes 1–4. Each route uses one switching module, two feeding modules, one reaction module, one sampling module and one modified HPLC system, with one shared collaborative robot. For Routes 2 and 3, three preparation-module inlets supply TBA, 50 wt% NaOH and water to prepare 90 wt% TBA and 5 or 10 wt% NaOH. Removable coil holders accommodate tubing lengths selected for each reaction. Black arrows show liquid flow and purple arrows show robotic transfer. Feed lines are grouped schematically; rinsing and sample-diluent lines are omitted. Acetonitrile/methanol composition is given by volume.
[bookmark: RevSection_S3_4]S3.4 Automated experimental operation
Device commands provided through the communication interfaces were organized into predefined unit operations, such as line rinsing and sample preparation. These unit operations encapsulated the device-control details (Supplementary Fig. 16). At the experimental-method level, the user used a visual workflow editor to arrange calls to the unit operations and define the complete experimental procedure, including operations across different sections. The method exposed only the parameters required for the experiment: feed and quench flow rates, reaction temperature, reactor-coil selection and sampling delay.
At the experimental-sequence level, the AI selected the predefined experimental methods, assigned values to their exposed parameters and submitted the sequence to the task queue for execution.
Residence-time series were obtained by changing the selected coil while keeping the temperature and feed composition fixed. Further sequence entries specified the next experimental condition. The sequence paused for user confirmation when consumables needed replenishment.
For HPLC analysis, the control software used the Agilent Automation Controller Commander Service to submit and start analytical sequences, specifying the autosampler drawer, number of samples and analytical method. After all samples in a sequence had been analyzed, PDF reports were retrieved using the Agilent Data Export Tool. Chromatographic integration was performed by the Agilent chromatography software. The platform software then parsed the reports using predefined detector channels, detection wavelengths and retention-time windows, and exported the extracted peak areas to an Excel file. Future integration with an architecture such as PUDA could allow AI to edit the method-level workflows themselves.
[image: Supplementary Fig. 16 | Software hierarchy and automated execution.]
[bookmark: RevFig_16]Supplementary Fig. 16 | Software hierarchy and automated execution. Device commands are grouped into unit operations. The user combines these operations into experimental methods using a visual editor. AI assigns method parameters in experimental sequences and submits them to the task queue.
[image: Supplementary Fig. 17 | General module configuration and automated execution for Routes 1–4.]
[bookmark: RevFig_17]Supplementary Fig. 17 | General module configuration and automated execution for Routes 1–4. a, Reaction feeds, outlet quenching, sample preparation and robotic vial-tray transfer to HPLC. b, Software setup: unit operations are combined into parameterized methods, assigned experimental settings in a sequence and submitted to a task queue. c, Route-specific feeds and outlet treatment. Ninefold dilution for Routes 2 and 3 is defined on a reactor-outlet basis. PTA, phosphotungstic acid; TFA, trifluoroacetic acid; TBAI, tetrabutylammonium iodide; PhCHO, benzaldehyde.
[bookmark: RevSection_S3_5]S3.5 HPLC analysis and concentration calculations
Samples from Routes 1–4 were quenched and prepared for HPLC analysis as described below16,17. Analyte peak areas were converted to analytical concentration estimates using single-point response factors and accounting for analytical dilution. The kinetic analysis uses the processed concentration inputs and associated experimental conditions provided in Supplementary Data.
Quenching and sample preparation
For Route 1, the reactor effluent was mixed with acetonitrile/methanol (85:15, v/v) delivered at 50 mL min⁻¹ by a pump in the feeding module. This dilution produced a homogeneous mixture and quenched the reaction before collection by the sampling module. For Route 4, the reactor effluent was quenched by dilution with pure acetonitrile supplied at 80 mL min⁻¹, followed by collection for analysis.
Routes 2 and 3 were quenched with aqueous NaOH before sample preparation. The phosphotungstic acid and trifluoroacetic acid systems used 5 and 10 wt% NaOH, respectively. These solutions were prepared by mixing 50 wt% aqueous NaOH with water at stock-to-water mass ratios of 1:9 and 1:4. Their concentrations, calculated from the solution densities, were 1.3173 and 2.7723 mol L⁻¹, respectively. The NaOH flow rate was calculated by multiplying the acid feed concentration, acid flow rate and selected NaOH-to-acid molar ratio, then dividing by the NaOH concentration. For Route 2, the NaOH/PTA molar ratio was 3 for R2-01, R2-12 and R2-13, and 10 for the remaining conditions. For Route 3, the NaOH/TFA molar ratio was 0.85 for R3-01 and 0.95 for the remaining conditions. After NaOH addition, the sampling module diluted the samples ninefold on a reactor-outlet basis. The Paal–Knorr benchmark uses a separate phosphoric acid quench, described in section S3.6.

HPLC conditions and species quantification
HPLC analysis was performed using an Agilent 1260 system equipped with a G7111B quaternary pump, a G7167A multisampler, a G7116A column compartment, a G7115A diode-array detector (DAD) and a G7162A refractive-index detector (RID). Representative chromatograms show the detector channels and annotated peaks for the four reaction routes.
Chromatographic separation was performed on a ZORBAX SB-C18 column (150 × 3.0 mm) at a flow rate of 0.500 mL min⁻¹. Two premixed mobile phases were used: A, 40% methanol/60% water, and B, 90% methanol/10% water (v/v). Each 2 L of either mixture was supplemented with 1.5556 mL of 85% phosphoric acid. The Route 4 chromatographic reports record an injection volume of 5 μL.
[bookmark: RevTable_16]Supplementary Table 16 | HPLC elution programs
a, Routes 1–3 (15.00 min)
	Time (min)
	Mobile phase A (%)
	Mobile phase B (%)

	0.00
	100
	0

	3.50
	100
	0

	3.51
	0
	100

	7.50
	0
	100

	7.51
	100
	0

	15.00
	100
	0


b, Route 4 (18.50 min)
	Time (min)
	Mobile phase A (%)
	Mobile phase B (%)

	0.00
	100
	0

	6.00
	100
	0

	6.01
	0
	100

	11.00
	0
	100

	11.01
	100
	0

	18.50
	100
	0


Both programs included a re-equilibration step at the initial mobile-phase composition, with no additional post-run time.

For Route 1, TBHP and H₂O₂ were quantified by HPLC. TBCL could not be readily quantified by this method, so its outlet concentration was calculated from its inlet concentration and the product concentrations using a material balance. For Route 2, TBA, TBHP and DTBP were quantified by HPLC; H₂O₂ could not be quantified separately because it co-eluted with phosphotungstic acid. For Route 3, TBA, TBHP, DTBP and H₂O₂ were all quantified by HPLC. For Route 4, the reactants PhCHO and TBHP and the products TBPB, TBA and benzoic acid were quantified by HPLC.
[image: Supplementary Fig. 18 | Representative chromatograms for Route 1, TBHP formation from tert-butyl chloride and H₂O₂.]
[bookmark: RevFig_18]Supplementary Fig. 18 | Representative chromatograms for Route 1, TBHP formation from tert-butyl chloride and H₂O₂. From top to bottom: DAD at 230 nm, DAD at 270 nm and RID. The annotations mark TBHP at 3.058 min, DTBP at 8.344 min and H₂O₂ at 1.217 min. Retention times are those of the displayed injection.
[image: Supplementary Fig. 19 | Representative chromatograms for Route 2, phosphotungstic acid-catalyzed TBHP formation from tert-butanol and H₂O₂.]
[bookmark: RevFig_19]Supplementary Fig. 19 | Representative chromatograms for Route 2, phosphotungstic acid-catalyzed TBHP formation from tert-butanol and H₂O₂. From top to bottom: DAD at 230 nm, DAD at 270 nm and RID. Annotated peaks include TBHP at 3.020 min and DTBP at 8.362 min in the 230 nm trace, and TBA at 2.768 min in the RID trace.
[image: Supplementary Fig. 20 | Representative chromatograms for Route 3, trifluoroacetic acid-catalyzed TBHP formation from tert-butanol and H₂O₂.]
[bookmark: RevFig_20]Supplementary Fig. 20 | Representative chromatograms for Route 3, trifluoroacetic acid-catalyzed TBHP formation from tert-butanol and H₂O₂. From top to bottom: DAD at 230 nm, DAD at 270 nm and RID. Annotated peaks are TBHP at 2.967 min, DTBP at 8.390 min, H₂O₂ at 1.223 min and TBA at 2.745 min in their respective detector channels.
[image: Supplementary Fig. 21 | Representative chromatograms for Route 4, TBPB formation from benzaldehyde and TBHP in the TBAI/acetonitrile system.]
[bookmark: RevFig_21]Supplementary Fig. 21 | Representative chromatograms for Route 4, TBPB formation from benzaldehyde and TBHP in the TBAI/acetonitrile system. From top to bottom: DAD at 230, 293 and 320 nm, followed by RID. Annotated peaks are TBHP (3.021 min), TBPB (9.876 min), benzaldehyde (5.529 min), TBA (2.752 min) and benzoic acid (6.448 min).

Calibration and concentration calculations
For each analyte, a standard solution of known concentration was analyzed to determine the peak-area response factor F. F represents the integrated HPLC peak area per unit mass concentration of the analyte (g mL⁻¹). The standard mass concentration was calculated from the mass of material weighed, its analyte mass fraction and the final solution volume:

Here, Pstd is the integrated peak area of the standard, m is the mass of material weighed (g), w is its analyte mass fraction (g g⁻¹), and V is the final volume of the standard solution (mL). Thus, mw/V is the standard mass concentration (g mL⁻¹), and F has units of peak area × mL g⁻¹. The response factor is specific to the analyte and detection channel.
The standards listed in Supplementary Table 17 were prepared to a final volume of 10 mL. Where duplicate standard peak areas were available, their mean was used. These single-point measurements were used to calculate response factors.
[bookmark: RevTable_17]Supplementary Table 17 | Selected HPLC response factors
	Route
	Species / channel
	Mass (g)
	Stock fraction
	F

	R1
	H2O2
	0.536
	0.5
	133976

	R1
	TBHP
	0.563
	0.7
	211151

	R1
	DTBP
	0.642
	1
	45297.8

	R1
	TBA
	0.577
	1
	4.93118e+07

	R2
	TBHP
	0.592
	0.7
	213198

	R2
	TBA
	0.53
	1
	5.04294e+07

	R2
	TBHP (RID)
	0.592
	0.7
	4.5801e+07

	R4
	TBHP
	0.501
	0.7
	213438

	R4
	TBPB
	0.511
	1
	86799.7

	R4
	Benzaldehyde
	0.527
	1
	218704

	R4
	TBA
	0.567
	1
	4.95237e+07

	R4
	Benzoic acid
	0.508
	1
	9.81581e+07


The peak area P of an analyte in the quenched and diluted sample gives a mass concentration of P/F. Conversion to molar concentration gives:

Here, csample is the analyte concentration in the prepared HPLC sample (mol L⁻¹), P is its integrated peak area, and M is its molar mass (g mol⁻¹). The factor 1000 converts g mL⁻¹ to g L⁻¹ before division by M. Sample and standard peak areas must be obtained using the same detection channel and integration units.

Conversion to reaction-outlet concentrations
The HPLC sample concentration was converted to the reaction-outlet concentration by correcting for two successive dilution steps: mixing the reaction stream with quenching solution, where required, and mixing a defined volume of the resulting sample with diluent in the sampling module. The total dilution factor D is the product of these two dilution factors:

Qreaction is the total volumetric flow rate of the reaction feeds and Qquench is the quenching-solution flow rate, both in mL min⁻¹. Vsample is the volume collected by the sampling module after the quenching point, and Vdiluent is the volume of diluent added to that sample, both in mL. For routes without quenching-solution addition, Qquench = 0. For Routes 2 and 3, the stated ninefold dilution is already expressed on the reactor-outlet basis and is used as the total dilution factor D; the quench dilution is not applied again. The reaction-outlet concentration is then calculated as:
		(S1)
Here, canalytical is the reaction-outlet concentration (mol L⁻¹), csample is the concentration measured in the prepared HPLC sample (mol L⁻¹), and D is the total dimensionless dilution factor. P, F and M are the sample peak area, analyte response factor and molar mass, respectively, as defined above.
Material-balance calculations for kinetic fitting
Analytical concentration estimates were obtained from calibrated HPLC peak areas, accounting for sample dilution. The concentration inputs used for kinetic fitting include values reconstructed using inlet concentrations and reaction stoichiometry. In Route 1, gas bubbles introduced uncertainty in the effective sample-dilution factor. In Routes 2 and 3, direct H₂O₂ quantification was considered insufficiently reliable for use as a fitting input. The H₂O₂ concentration profiles for these two routes were therefore reconstructed from the quantified TBA, TBHP and DTBP responses using tert-butyl-group balances and reaction stoichiometry. The route-specific calculations are described below.
For Route 1, the TBHP concentration used for fitting was calculated from the decrease in H₂O₂ concentration, using the relation cTBHP(t) = cH₂O₂(0) − cH₂O₂(t). Here, t denotes residence time, cH₂O₂(0) is the inlet H₂O₂ concentration, and cH₂O₂(t) is the H₂O₂ concentration at that residence time.
For Routes 2 and 3, the measured TBA, TBHP and DTBP concentrations were used to calculate their relative contributions to the tert-butyl-group balance. Each DTBP molecule was counted as two tert-butyl groups. These fractions were combined with the inlet TBA concentration to calculate the TBA, TBHP and DTBP concentrations used for fitting. H₂O₂ consumption was then obtained from the corresponding reaction stoichiometry17.
For Route 4, two TBPB yield estimates were calculated: one from the balance of PhCHO, TBPB and benzoic acid, and the other from the balance of TBHP, TBPB and TBA, expressed on the same inlet-PhCHO basis. The mean of the two corrected yield estimates was used to calculate the PhCHO, TBHP and TBPB concentrations for kinetic fitting.
The concentrations supplied to kinetic fitting are processed concentration inputs, and the species within each reaction profile are not all independent analytical measurements. In Route 1, TBHP is calculated as the inlet H₂O₂ concentration minus the tabulated processed H₂O₂ concentration.
Worked example of HPLC concentration calculation
For a TBHP measurement at condition R1-01, the reaction-outlet concentration was calculated as follows:
		(S2)
For the TBHP example at condition R1-01, the peak area P is 130.7622, the response factor F is 211151.4083, the total dilution factor D is 9.333333 and the molar mass M is 90.12 g mol⁻¹. Substitution into Eq. S2 gives a reaction-outlet TBHP concentration of 0.064136 mol L⁻¹.
The resulting analytical concentration is 0.064136 mol L−1, whereas the concentration used for kinetic fitting is 0.039529 mol L−1 after the route-specific balance processing.
[image: Supplementary Fig. 22 | Peak-area conversion and processed concentration states.]
[bookmark: RevFig_22]Supplementary Fig. 22 | Peak-area conversion and processed concentration states. a, Standard-derived response factor, analytical dilution correction and subsequent material-balance calculations. b, Selected single-level response factors. c, A TBHP concentration calculation for condition R1-01. Analytical and processed concentrations represent different processing stages. Processed concentration inputs and the associated experimental conditions used for kinetic fitting are provided in Supplementary Data.
[bookmark: RevSection_S3_6]S3.6 Paal–Knorr benchmark reaction
The Paal–Knorr reaction between 2,5-hexanedione (HXD) and ethanolamine (EA) was used as a homogeneous benchmark reaction to generate experimental data for subsequent model evaluation. The reaction produces 1-(2-hydroxyethyl)-2,5-dimethylpyrrole (DMEP) without an added catalyst. This validation dataset is separate from the four peroxide routes described in section S3.1.
The benchmark used one feed preparation module, one switching module, two feeding modules, one reaction module, one sampling module and one modified HPLC system, with one shared collaborative robot. These modules were organized into preparation, reaction and analysis sections. Supplementary Fig. 23 shows the liquid connections and equipment, and Supplementary Fig. 24 shows the transfers between sections.
Reagents and automated feed preparation
HXD (97%, RG), dimethyl phthalate (DMP; 99%, RG) and 4-hydroxyquinoline (≥98%, RG) were obtained from Adamas; EA (>98%, AR) was obtained from Greagent. Methanol (99.9%, HPLC) and phosphoric acid (85% aqueous solution) were obtained from J&K.
Two premixed stocks were prepared for automated feed preparation: HXD containing 1 wt% DMP and EA containing 0.6 wt% 4-hydroxyquinoline. DMP and 4-hydroxyquinoline served as the internal standards for the HXD and EA feeds, respectively. These mass fractions refer to the premixed stocks before dilution with methanol. The two stocks and methanol were connected to separate inlets of the feed preparation module. The module dispensed the required amounts of each stock and methanol into separate bottles and mixed them to obtain an HXD feed and an EA feed, each with a reactant concentration of 1.00 mol L⁻¹.
Module configuration and automated operation
[image: Supplementary Fig. 23 | Module connections for the Paal–Knorr benchmark reaction.]
[bookmark: RevFig_23]Supplementary Fig. 23 | Module connections for the Paal–Knorr benchmark reaction. (a) Reaction section, including the switching module, two feeding modules, the reaction module and the sampling module. Rinsing and bubble-removal lines are also shown. (b) Feed preparation module, supplied with the HXD and EA premixed stocks and methanol. DMP and the compound labeled “Quinoline” denote dimethyl phthalate and 4-hydroxyquinoline, respectively; the indicated mass fractions refer to the premixed stocks before dilution. (c) Modified HPLC system (labeled “Analysis Module”). The sample diluent is methanol/water (25:75, v/v).
Feeding module 1 delivered HXD and EA through two independent pump channels. In the reaction module, the feeds were preheated, mixed and passed through the selected reactor coil. Phosphoric acid from feeding module 2 was added at the reactor outlet. The quenched solution then entered the sampling module for collection, dilution and filtration into HPLC vials. Rinsing and bubble-removal lines were connected separately, as shown in Supplementary Fig. 23.
The shared collaborative robot linked the three sections by transferring prepared reagent bottles to the switching module and sample trays from the sampling module to the modified HPLC system (Supplementary Fig. 24). The control software coordinated these transfers with feed preparation, reaction and sampling, and added the corresponding injections to the HPLC sequence.
[image: Supplementary Fig. 24 | Robotic transfer between the preparation, reaction and analysis sections for the Paal–Knorr benchmark.]
[bookmark: RevFig_24]Supplementary Fig. 24 | Robotic transfer between the preparation, reaction and analysis sections for the Paal–Knorr benchmark. The shared collaborative robot transfers reagent bottles from the preparation module to the switching module and sample trays from the sampling module to the modified HPLC system. The diagram labels the modified HPLC system as “Analysis Module” and the collaborative robot as “Mobile Co-robot”. It shows the interfaces served by the robot; the feeding and reaction modules remain connected within the reaction section.
Process parameters
The process parameters were the HXD/EA feed molar ratio, temperature and residence time. The molar ratio was controlled by the two feed flow rates while maintaining a total reaction-feed flow rate of 8.00 mL min⁻¹. Each composition below was studied at nominal temperatures of 35, 45, 55, 65, 75 and 85 °C. The corresponding temperatures recorded in the dataset were 34.5, 43.5, 53.4, 62.9, 72.5 and 82.0 °C.
[bookmark: RevTable_18]Supplementary Table 18 | Paal–Knorr benchmark reaction experimental conditions
	ID / worksheet
	T
(°C)
	Feed molar ratio
	Feed flow rate 
(mL min⁻¹)
	Inlet concentration (mol L⁻¹)
	Max. time
(min)

	
	
	HXD/EA
	HXD
	EA
	Total
	HXD
	EA
	

	PK-01 /
1.00-35-55
	34.5
	5:5
	4.00
	4.00
	8.00
	0.50
	0.50
	3.726

	PK-02 /
1.00-35-37
	34.5
	3:7
	2.40
	5.60
	8.00
	0.30
	0.70
	3.726

	PK-03 /
1.00-35-46
	34.5
	4:6
	3.20
	4.80
	8.00
	0.40
	0.60
	3.726

	PK-04 /
1.00-35-64
	34.5
	6:4
	4.80
	3.20
	8.00
	0.60
	0.40
	3.726

	PK-05 /
1.00-35-73
	34.5
	7:3
	5.60
	2.40
	8.00
	0.70
	0.30
	3.726

	PK-06 /
1.00-45-55
	43.5
	5:5
	4.00
	4.00
	8.00
	0.50
	0.50
	3.726

	PK-07 /
1.00-45-37
	43.5
	3:7
	2.40
	5.60
	8.00
	0.30
	0.70
	3.726

	PK-08 /
1.00-45-46
	43.5
	4:6
	3.20
	4.80
	8.00
	0.40
	0.60
	3.726

	PK-09 /
1.00-45-64
	43.5
	6:4
	4.80
	3.20
	8.00
	0.60
	0.40
	3.726

	PK-10 /
1.00-45-73
	43.5
	7:3
	5.60
	2.40
	8.00
	0.70
	0.30
	3.726

	PK-11 /
1.00-55-55
	53.4
	5:5
	4.00
	4.00
	8.00
	0.50
	0.50
	3.726

	PK-12 /
1.00-55-37
	53.4
	3:7
	2.40
	5.60
	8.00
	0.30
	0.70
	3.726

	PK-13 /
1.00-55-46
	53.4
	4:6
	3.20
	4.80
	8.00
	0.40
	0.60
	3.726

	PK-14 /
1.00-55-64
	53.4
	6:4
	4.80
	3.20
	8.00
	0.60
	0.40
	3.726

	PK-15 /
1.00-55-73
	53.4
	7:3
	5.60
	2.40
	8.00
	0.70
	0.30
	3.726

	PK-16 /
1.00-65-55
	62.9
	5:5
	4.00
	4.00
	8.00
	0.50
	0.50
	3.726

	PK-17 /
1.00-65-37
	62.9
	3:7
	2.40
	5.60
	8.00
	0.30
	0.70
	3.726

	PK-18 /
1.00-65-46
	62.9
	4:6
	3.20
	4.80
	8.00
	0.40
	0.60
	3.726

	PK-19 /
1.00-65-64
	62.9
	6:4
	4.80
	3.20
	8.00
	0.60
	0.40
	3.726

	PK-20 /
1.00-65-73
	62.9
	7:3
	5.60
	2.40
	8.00
	0.70
	0.30
	3.726

	PK-21 /
1.00-75-55
	72.5
	5:5
	4.00
	4.00
	8.00
	0.50
	0.50
	3.726

	PK-22 /
1.00-75-37
	72.5
	3:7
	2.40
	5.60
	8.00
	0.30
	0.70
	3.726

	PK-23 /
1.00-75-46
	72.5
	4:6
	3.20
	4.80
	8.00
	0.40
	0.60
	3.726

	PK-24 /
1.00-75-64
	72.5
	6:4
	4.80
	3.20
	8.00
	0.60
	0.40
	3.726

	PK-25 /
1.00-75-73
	72.5
	7:3
	5.60
	2.40
	8.00
	0.70
	0.30
	3.726

	PK-26 /
1.00-85-55
	82
	5:5
	4.00
	4.00
	8.00
	0.50
	0.50
	3.726

	PK-27 /
1.00-85-37
	82
	3:7
	2.40
	5.60
	8.00
	0.30
	0.70
	3.726

	PK-28 /
1.00-85-46
	82
	4:6
	3.20
	4.80
	8.00
	0.40
	0.60
	3.726

	PK-29 /
1.00-85-64
	82
	6:4
	4.80
	3.20
	8.00
	0.60
	0.40
	3.726

	PK-30 /
1.00-85-73
	82
	7:3
	5.60
	2.40
	8.00
	0.70
	0.30
	3.726


T is the temperature recorded in the dataset; worksheet names retain the nominal temperature. Total flow includes only the two reaction feeds. HXD and EA stock concentrations were both 1.00 mol L⁻¹.
Residence time was varied by selecting reactor paths with different liquid hold-up volumes at fixed total flow. The data used here comprise 30 temperature–composition combinations, each with an initial state and six non-zero residence times of 27.85, 46.55, 69.82, 96.45, 123.78 and 223.54 s: 180 reaction states and 30 initial states in total.
Quenching and sample preparation
The reactor effluent was mixed with 0.50 mol L⁻¹ aqueous phosphoric acid, with the acid flow adjusted according to the EA feed flow. Acidification to approximately pH 3 suppressed the reaction. In the preliminary quench test, no product peak was detected after the reactants were mixed under acidic conditions and held for two days. The sampling module collected 10 mL of quenched solution and diluted it to 20 mL with methanol/water (25:75, v/v). The sample was filtered and transferred to a 1.5 mL HPLC vial.
HPLC analysis and internal-standard calculation
Samples were analyzed using a ZORBAX SB-C18 column (150 × 3.0 mm) at 0.50 mL min⁻¹ with a 5 μL injection. For the benchmark reaction, mobile phase A was water adjusted to pH 2 with phosphoric acid, and mobile phase B was methanol. The 19 min program is given in Supplementary Table 19. HXD and DMEP were monitored at 270 nm and DMP at 230 nm using the DAD. Representative chromatograms are shown in Supplementary Fig. 25. The 230 nm trace shows the internal-standard peaks of 4-hydroxyquinoline and DMP, and the 270 nm trace shows the HXD and DMEP peaks.
[bookmark: RevTable_19]Supplementary Table 19 | HPLC elution program for the Paal–Knorr benchmark
	[bookmark: _Hlk242638363]Time (min)
	A (vol%)
	B (vol%)

	0.0
	75
	25

	5.0
	75
	25

	5.1
	40
	60

	11.0
	40
	60

	11.1
	10
	90

	15.0
	10
	90

	15.1
	75
	25

	19.0
	75
	25


HXD conversion was calculated separately against each internal standard by comparing the HXD-to-standard peak-area ratio in a reacted sample with that in the initial sample at the same feed composition:
    (S3)
Here, A denotes peak area, IS denotes DMP or 4-hydroxyquinoline, and subscripts 0 and τ denote the initial and reacted samples. The two recorded 4-hydroxyquinoline peak areas were summed before calculating its area ratio. The arithmetic mean of the two conversion estimates was used as the HXD conversion. Because each estimate uses an analyte-to-standard area ratio, the common sample dilution factor cancels.
    (S4)
EA was not directly quantified by DAD. Its conversion was inferred from the 1:1 reaction stoichiometry, assuming negligible side reactions. On the reactor-outlet basis, the concentrations used for kinetic analysis were calculated as follows, with X expressed as a fraction:
    (S5)
    (S6)
    (S7)
HXD conversion was measured by the internal-standard method, with agreement between the two estimates providing a consistency check. EA and DMEP concentrations were derived from the 1:1 stoichiometry and were not independently quantified.
[image: Supplementary Fig. 25 | Representative HPLC chromatograms of the Paal–Knorr benchmark reaction between 2,5-hexanedione (HXD) and ethanolamine (EA).]
[bookmark: RevFig_25]Supplementary Fig. 25 | Representative HPLC chromatograms of the Paal–Knorr benchmark reaction between 2,5-hexanedione (HXD) and ethanolamine (EA). The upper trace shows DAD detection at 230 nm, with 4-hydroxyquinoline at 4.160 min and dimethyl phthalate (DMP) at 9.754 min serving as internal standards (IS). The lower trace shows DAD detection at 270 nm, with HXD at 2.459 min and 1-(2-hydroxyethyl)-2,5-dimethylpyrrole (DMEP) at 8.657 min. Retention times refer to the displayed injection. HXD conversion was calculated from its peak-area ratio to each internal standard, using the corresponding initial sample as the reference, and the two estimates were averaged.
[bookmark: RevSection_S4]S4 Hybrid PINN–ODE framework and Paal–Knorr assessment
The hybrid PINN–ODE framework combines a concentration network with route-specific rate laws and material balances to infer kinetic parameters from concentration–time data. This section introduces the shared inference procedure and its Paal–Knorr assessment before application to the peroxide routes in section S6.
[bookmark: RevSection_S4_1]S4.1 Common hybrid PINN–ODE procedure
An ODE model is first fitted to the concentration data from eight different initial guesses for the kinetic parameters. The best fit supplies initial kinetic parameters and concentration trajectories for network pretraining. The network and kinetic parameters are then trained jointly using concentration-data, ODE-residual and ODE-teacher losses. Finally, the inferred parameters initialize an unregularized fit of the integrated ODE trajectories to the concentration data. Reported kinetic parameters and fitted curves correspond to this final ODE refinement.
The shared training schedule uses 1,500 pretraining epochs, up to 10,000 joint-training epochs and up to 600 L-BFGS iterations, with three network seeds used to assess repeatability. Reaction-specific rate laws, material balances and numerical settings are given with the corresponding applications.
The final ODE objective is the concentration sum of squares over species s and non-initial observations i:
		(S8)
[bookmark: RevSection_S4_2]S4.2 Paal–Knorr rationale and experimental data
The Paal–Knorr reaction was used to assess the feasibility and reliability of the hybrid PINN–ODE model before its application to the four peroxide routes. The reaction, methanol-based experimental procedure and analytical quantification are described in section S3.6, Supplementary Tables 18–19 and Supplementary Fig. 25. This section reports the model-specific adaptation, estimation results and predictive checks.
The experimental dataset comprises 30 conditions: six temperatures (34.5, 43.5, 53.4, 62.9, 72.5 and 82.0 °C) crossed with five initial HXD/EA concentration pairs (0.3/0.7, 0.4/0.6, 0.5/0.5, 0.6/0.4 and 0.7/0.3 mol L⁻¹). Each profile contains one prescribed inlet state and six non-initial states, giving 210 state records and 180 independent non-initial HXD observations. The measured nonzero residence times used for fitting were 27.8507, 46.5457, 69.8177, 96.4502, 123.7792 and 223.5435 s. EA concentrations are derived from HXD consumption and 1:1 stoichiometry rather than independently measured. Kinetic inference used these measured residence times and the concentration reconstruction described in section S3.6.
The Paal–Knorr experimental records are provided in Supplementary Data.
[bookmark: RevSection_S4_3]S4.3 Apparent rate law and model adaptation
The reaction is represented by an irreversible global consumption model for 2,5-hexanedione (HXD) and ethanolamine (EA). The rate law and Arrhenius expression are
    (S9)
    (S10)
with the coupled material balances
    (S11)
Here, T is in K, R = 8.314 J mol⁻¹ K⁻¹, concentrations are in mol L⁻¹ and time is in s. The four estimated parameters are ln A, Eₐ, a and b. The model is an apparent global description and does not resolve the intermediate in the literature two-step mechanism. The numerical value of ln A depends on the concentration/time unit convention and on the fitted total order.
The procedure in section S4.1 was applied without changes to the concentration-network architecture; the data, rate law and stoichiometric balances were adapted to the Paal–Knorr reaction.
[bookmark: RevSection_S4_4]S4.4 Parameter estimates, uncertainty and literature comparison
The final parameter estimates were a = 1.1408, b = 1.2699, Eₐ = 12.3271 kJ mol⁻¹ and ln A = 0.3767 (Supplementary Table 20). Kinetic parameter uncertainty was assessed using 200 resampling and refitting runs, conditional on the experimental inputs and selected model. All fits converged. The conditional 95% interval for Eₐ was 10.9822–14.1802 kJ mol⁻¹. These intervals quantify parameter uncertainty for fixed experimental inputs and the specified rate law.
Moore and Jensen18 reported Eₐ,1 = 12.2 ± 0.4 kJ mol⁻¹ for the first step of a two-step Paal–Knorr model in DMSO. The present apparent global-model estimate in methanol is numerically close, differing by approximately 1.04%.
[bookmark: RevTable_20]Supplementary Table 20 | Final Paal–Knorr parameter estimates and literature comparison
	[bookmark: _Hlk242638465]Parameter
	Final model estimate
	Moore and Jensen first-step model18

	a (HXD order)
	1.1408
	1 (assumed)

	b (EA order)
	1.2699
	1 (assumed)

	Ea (kJ mol⁻¹)
	12.3271
	12.2 ± 0.4

	ln A
	0.3767
	Not tabulated


The numerical value of ln A uses concentrations in mol L⁻¹ and time in s; A has units (mol L⁻¹)¹⁻ᵃ⁻ᵇ s⁻¹.
Moore and Jensen18 studied the reaction in DMSO using a two-step model. The reported activation energies corresponding to k1 and k2 are 12.2 ± 0.4 and 20.0 ± 0.9 kJ mol⁻¹, respectively. Their first-step reaction orders were assumed. The present estimates describe an apparent global model in methanol, so the comparison assesses kinetic plausibility rather than parameter accuracy.
[bookmark: RevSection_S4_5]S4.5 Fit, grouped predictive checks and scope of the assessment
The final ODE-refined fit gave HXD concentration R² = 0.9923 and RMSE = 0.01398 mol L⁻¹. On the conversion scale, R² = 0.9644 and RMSE = 3.158 percentage points (Supplementary Table 21). Supplementary Figs. 26 and 27 show the pooled assessment and all 30 profiles, respectively.
Six leave-temperature-out and five leave-feed-ratio-out checks refitted the ODE estimator using retained conditions and predicted the complete omitted groups. The pooled conversion R² values were 0.9511 and 0.9630, with RMSE values of 3.699 and 3.217 percentage points, respectively. 
This benchmark supports feasibility and kinetic plausibility under the stated data and model assumptions.
[bookmark: RevTable_21]Supplementary Table 21 | Final Paal–Knorr model performance on non-initial observations
	Metric
	Final model

	HXD concentration R²
	0.9923

	HXD concentration RMSE (mol L⁻¹)
	0.01398

	HXD conversion R²
	0.9644

	HXD conversion RMSE (pp)
	3.158



The metrics use 180 independent non-initial HXD observations; the 30 prescribed inlet states are excluded. EA is derived stoichiometrically and does not contribute additional independent observations. pp denotes percentage points. HXD conversion is 100(1 − CHXD/CHXD,0). The literature study does not provide results for this dataset; the comparison of kinetic parameters is given in Supplementary Table 20.
[image: Supplementary Fig. 26 | Paal–Knorr model fit and prediction performance.]
[bookmark: RevFig_26]Supplementary Fig. 26 | Paal–Knorr model fit and prediction performance. a, HXD conversion predicted by the final model versus observed conversion. b, Leave-temperature-out ODE prediction. c, Leave-feed-ratio-out ODE prediction. Each panel includes 180 non-initial HXD observations; colors denote temperatures and dashed lines indicate equality between predicted and observed values. RMSE is expressed in percentage points (pp). The grouped prediction checks refit the ODE model using the retained conditions. See Supplementary Table 21 and section S4.5.
[image: Supplementary Fig. 27 | HXD conversion profiles for all 30 Paal–Knorr conditions.]
[bookmark: RevFig_27]Supplementary Fig. 27 | HXD conversion profiles for all 30 Paal–Knorr conditions. Rows correspond to six temperatures and columns to five inlet-concentration pairs; each panel title lists temperature and initial HXD:EA concentrations in mol L−1. Filled circles are the six non-initial HXD observations per condition; open squares indicate prescribed initial conditions. Solid lines represent predictions from the final model.
[bookmark: RevSection_S5]S5 Experimental data and reaction performance under different conditions
Concentration profiles under different experimental conditions show how reaction progress and product formation vary with temperature, feed composition, and catalytic conditions, providing the experimental basis for the kinetic analysis of peroxide reactions in Section S6. This section presents the complete datasets for Routes 1–4 and compares yields and selectivities across conditions.
[bookmark: RevSection_S5_1]S5.1 Route 1 experimental data

Route 1 multivariable design
The condition matrix summarizes the operating conditions tested for this route.
[image: Supplementary Fig. 28 | Route 1 experimental condition matrix.]
[bookmark: RevFig_28]Supplementary Fig. 28 | Route 1 experimental condition matrix. Columns show temperature, catalyst concentration, initial molar feed ratio and maximum sampled time. Non-constant columns use separate within-route min–max normalization, (x − min)/(max − min), on a 0–1 color scale. Constant columns are gray and marked constant. Route 1 has no added catalyst. The feed ratio is H2O2/TBCL.

Route 1 yield matrix
The yield matrix compares product formation across condition families and sampling times.
[image: Supplementary Fig. 29 | Route 1 complete yield matrix.]
[bookmark: RevFig_29]Supplementary Fig. 29 | Route 1 complete yield matrix. Values and colors are processed target-product yield fractions on a common 0–1 scale (1 = 100%). The left strip prints the actual temperature for every condition in °C and retains the common 30–85 °C color scale. The right bars show the final sampled yield fraction. State 0 is inlet; states 1–6 are outlet samples at increasing residence time.
Route 1 species-resolved states
The species-resolved concentration states provide the data used to infer route-specific kinetics.
[image: Supplementary Fig. 30 | Route 1: processed concentration states of individual species.]
[bookmark: RevFig_30]Supplementary Fig. 30 | Route 1: processed concentration states of individual species. State index 0 is inlet; indices 1–6 are outlet samples at increasing residence time. Rows are condition families. Each species uses its own dimensional color scale (mol L−1).
[bookmark: RevSection_S5_2]S5.2 Route 2 experimental data

Route 2 multivariable design
The condition matrix summarizes the operating conditions tested for this route.
[image: Supplementary Fig. 31 | Route 2 experimental condition matrix.]
[bookmark: RevFig_31]Supplementary Fig. 31 | Route 2 experimental condition matrix. Columns show temperature, catalyst concentration, initial molar feed ratio and maximum sampled time. Non-constant columns use separate within-route min–max normalization, (x − min)/(max − min), on a 0–1 color scale. Constant columns are gray and marked constant. The feed ratio is H2O2/TBA.

Route 2 yield matrix
The yield matrix compares product formation across condition families and sampling times.
[image: Supplementary Fig. 32 | Route 2 complete yield matrix.]
[bookmark: RevFig_32]Supplementary Fig. 32 | Route 2 complete yield matrix. Values and colors are processed target-product yield fractions on a common 0–1 scale (1 = 100%). The left strip prints the actual temperature for every condition in °C and retains the common 30–85 °C color scale. The right bars show the final sampled yield fraction. State 0 is inlet; states 1–6 are outlet samples at increasing residence time.
Route 2 species-resolved states
The species-resolved concentration states provide the data used to infer route-specific kinetics.
[image: Supplementary Fig. 33 | Route 2: processed concentration states of individual species.]
[bookmark: RevFig_33]Supplementary Fig. 33 | Route 2: processed concentration states of individual species. State index 0 is inlet; indices 1–6 are outlet samples at increasing residence time. Rows are condition families. Each species uses its own dimensional color scale (mol L−1).
[bookmark: RevSection_S5_3]S5.3 Route 3 experimental data

Route 3 multivariable design
The condition matrix summarizes the operating conditions tested for this route.
[image: Supplementary Fig. 34 | Route 3 experimental condition matrix.]
[bookmark: RevFig_34]Supplementary Fig. 34 | Route 3 experimental condition matrix. Columns show temperature, catalyst concentration, initial molar feed ratio and maximum sampled time. Non-constant columns use separate within-route min–max normalization, (x − min)/(max − min), on a 0–1 color scale. Constant columns are gray and marked constant. The feed ratio is H2O2/TBA.

Route 3 yield matrix
The yield matrix compares product formation across condition families and sampling times.
[image: Supplementary Fig. 35 | Route 3 complete yield matrix.]
[bookmark: RevFig_35]Supplementary Fig. 35 | Route 3 complete yield matrix. Values and colors are processed target-product yield fractions on a common 0–1 scale (1 = 100%). The left strip prints the actual temperature for every condition in °C and retains the common 30–85 °C color scale. The right bars show the final sampled yield fraction. State 0 is inlet; states 1–6 are outlet samples at increasing residence time.
Route 3 species-resolved states
The species-resolved concentration states provide the data used to infer route-specific kinetics.
[image: Supplementary Fig. 36 | Route 3: processed concentration states of individual species.]
[bookmark: RevFig_36]Supplementary Fig. 36 | Route 3: processed concentration states of individual species. State index 0 is inlet; indices 1–6 are outlet samples at increasing residence time. Rows are condition families. Each species uses its own dimensional color scale (mol L−1).
[bookmark: RevSection_S5_4]S5.4 Route 4 experimental data

Route 4 multivariable design
The condition matrix summarizes the operating conditions tested for this route.
[image: Supplementary Fig. 37 | Route 4 experimental condition matrix.]
[bookmark: RevFig_37]Supplementary Fig. 37 | Route 4 experimental condition matrix. Columns show temperature, catalyst concentration, initial molar feed ratio and maximum sampled time. Non-constant columns use separate within-route min–max normalization, (x − min)/(max − min), on a 0–1 color scale. Constant columns are gray and marked constant. The feed ratio is TBHP/benzaldehyde.

Route 4 yield matrix
The yield matrix compares product formation across condition families and sampling times.
[image: Supplementary Fig. 38 | Route 4 complete yield matrix.]
[bookmark: RevFig_38]Supplementary Fig. 38 | Route 4 complete yield matrix. Values and colors are processed target-product yield fractions on a common 0–1 scale (1 = 100%). The left strip prints the actual temperature for every condition in °C and retains the common 30–85 °C color scale. The right bars show the final sampled yield fraction. State 0 is inlet; states 1–6 are outlet samples at increasing residence time.
Route 4 species-resolved states
The species-resolved concentration states provide the data used to infer route-specific kinetics.
[image: Supplementary Fig. 39 | Route 4: processed concentration states of individual species.]
[bookmark: RevFig_39]Supplementary Fig. 39 | Route 4: processed concentration states of individual species. State index 0 is inlet; indices 1–6 are outlet samples at increasing residence time. Rows are condition families. Each species uses its own dimensional color scale (mol L−1).
[bookmark: RevSection_S5_5]S5.5 Cross-route yield and selectivity patterns

Distribution of final sampled yields
The endpoint distribution summarizes variation between tested conditions. Each family contributes one final sampled state. 
[image: Supplementary Fig. 40 | Condition-level yield distributions.]
[bookmark: RevFig_40]Supplementary Fig. 40 | Condition-level yield distributions. a, Half-density and individual-condition points, with horizontal median markers. Kernel density uses a Gaussian kernel and Scott bandwidth and is evaluated on the displayed 0–1 interval. b, Cumulative distributions of final sampled yields across the tested conditions for Routes 1–4. Each curve shows the fraction of conditions with yields at or below the corresponding value.

Yield and selectivity
For the acid-mediated TBHP systems, the processed TBHP fraction among TBHP and DTBP is plotted against target-product yield. This view distinguishes accumulation of the target from the accompanying side-product fraction.
[image: Supplementary Fig. 41 | Yield–selectivity phase portraits.]
[bookmark: RevFig_41]Supplementary Fig. 41 | Yield–selectivity phase portraits. Every line connects the six non-inlet states within one condition family. Point color indicates residence time. The inlet is omitted because both products are initially zero. Yield and selectivity are fractions (1 = 100%).
		(S12)
[bookmark: RevSection_S6]S6 Peroxide kinetic modeling and condition search
Following the Paal–Knorr assessment in section S4, the hybrid PINN–ODE framework was applied to the four peroxide routes to extract apparent rate parameters and compare operating conditions. The common training procedure was retained, with route-specific rate laws and material balances fitted to the concentration profiles. This section presents the peroxide models, condition search, and fitting and validation results.
[bookmark: RevSection_S6_1]S6.1 Reaction networks and rate laws
For Route 1:
		(S13)
		(S14)
For Route 4:
		(S15)
		(S16)

Coupled TBHP and DTBP model
Routes 2 and 3 use the same reaction-network form with separately fitted parameters for phosphotungstic-acid and trifluoroacetic-acid conditions. The principal TBHP-forming reaction is coupled to a reaction that consumes TBA and TBHP to form DTBP.
		(S17)
		(S18)
		(S19)
		(S20)
Each effective rate coefficient includes an Arrhenius term and a route-specific catalyst/acid dependence. Catalyst concentration is held fixed within the corresponding trajectory.
[bookmark: RevTable_22]Supplementary Table 22 | Rate-law conventions and final parameter values
	Quantity / reaction
	Definition/value

	
	

	
	

	Temperature; gas constant
	T in K; R = 8.314 J mol−1 K−1

	 / R
	Activation term in K;  is reported below in kJ mol−1

	A
	A = exp(ln A); concentration in mol L−1 and time in s

	Route 1: TBHP
	ln A = -10.248575;  = 9.072713
n(H2O2) = 2.261442; n(TBCL) = 1.114642

	Route 2: TBHP
	ln A = 27.126780;  = 101.142210
n(cat) = 1.063308; n(H2O2) = 2.258613; n(TBA) = 0.513890

	Route 2: DTBP
	ln A = 26.487117;  = 100.250499
n(cat) = 0.298711; n(TBA) = 0.253495; n(TBHP) = 0.952551

	Route 3: TBHP
	ln A = 31.428251;  = 123.434698
n(cat) = 1.496083; n(H2O2) = 2.305937; n(TBA) = 0.748867

	Route 3: DTBP
	ln A = 31.516138;  = 118.798670
n(cat) = 1.517245; n(TBA) = 0.050000; n(TBHP) = 0.079357

	Route 4: TBPB
	ln A = -4.170026;  = 4.494886
n(TBAI) = 3.942083; n(PhCHO) = 3.947466; n(TBHP) = 2.529645


Concentrations are represented numerically in mol L−1, equivalently using c/(1 mol L−1), and time is in seconds.
[bookmark: RevSection_S6_2]S6.2 Condition search and evaluation metrics

Condition search and metric definitions
The search recombines observed discrete feed-ratio and catalyst levels subject to the feed-mixing constraint and measured concentration ranges. Temperature is screened in 1 °C steps; residence time is screened on 241 points within the measured range and then refined. Recombined joint conditions are model candidates, not necessarily tested experiments.
The metrics used to score candidate conditions are defined below.
		(S21)
ν = 1 for Routes 1–3;   ν = 2 for the TBHP basis of Route 4
		(S22)
		(S23)
Here Y is the target-product yield fraction,  is volumetric productivity, and τ is residence time.
Candidate conditions were scored using the following route-specific objective functions:
		(S24)
		(S25)
		(S26)
Here  is the conversion fraction of TBCL for Route 1, H₂O₂ for Routes 2–3 and benzaldehyde for Route 4, calculated as . For Routes 1 and 4,  is the ratio of TBHP formed to H₂O₂ consumed and of TBPB formed to benzaldehyde consumed, respectively, calculated on a molar-concentration basis. For Routes 2–3,  is defined in equation (S22). Selectivity was set to zero when reactant consumption was zero.
,  and  are dimensionless fractions. Subscript 0 denotes the inlet concentration; other concentrations are evaluated at the candidate residence time. For each route, the candidate condition with the highest  was selected as the recommendation.
[bookmark: RevTable_23]Supplementary Table 23 | Screened recommendations and best measured yields
	Route
	T (°C)
	Feed ratio
	Cat. (M)
	t (min)
	Pred. yield (%)
	Best measured (%)

	1
	60
	6.00
	—
	28.86
	51.74
	43.92

	2
	80
	2.20
	0.109
	16.92
	75.52
	78.37

	3
	85
	2.00
	2.721
	5.16
	77.17
	78.70

	4
	65
	1.10
	0.316
	24.74
	73.11
	72.46


Feed ratio is H2O2/TBCL for Route 1, H2O2/TBA for Routes 2–3, and TBHP/benzaldehyde for Route 4. 
[bookmark: RevSection_S6_3]S6.3 Model fitting, uncertainty and validation

Model fitting, uncertainty and validation
Final kinetic parameters were obtained by refining the ODE model to minimize the sum of squared concentration errors in equation (S8). Each condition retained seven states: one calculated inlet state supplied the initial condition, and six nonzero-time observations entered the fitting objective. The inlet was excluded from fit metrics.
For each route, kinetic parameter uncertainty was assessed using 200 resampling and ODE refitting runs, all of which were successful. Five-fold cross-validation, with complete experimental conditions held out in each fold, was used to evaluate predictive performance on data not used for fitting.
Training followed the common schedule in section S4.1, using three random network seeds and eight ODE initializations. Agreement across seeds was used to check repeatability.
[bookmark: RevTable_24]Supplementary Table 24 | Target-product fit and whole-condition validation metrics
	Route / target
	N fit
	Fit R2
	MAE (M)
	MSE (M2)
	CV R2

	1 / TBHP
	78
	0.986274
	0.034804
	0.001864
	0.972356

	2 / TBHP
	90
	0.988612
	0.051540
	0.005276
	0.971779

	3 / TBHP
	102
	0.991984
	0.061147
	0.006206
	0.989173

	4 / TBPB
	90
	0.927909
	0.046317
	0.003795
	0.845918


M denotes mol L−1. Fit metrics compare the final ODE trajectories with non-initial observations. Cross-validation (CV) metrics combine predictions for all five held-out folds. Main-reaction  values are 9.0727, 101.1422, 123.4347 and 4.4949 kJ mol−1 for Routes 1–4.
[bookmark: RevSection_S7]S7 Process-level environmental and reactor assessment
Environmental assessment and reactor analysis provide complementary inputs to process development. The former compares resource-related impacts at screened operating conditions, while the latter examines heat-transfer constraints as reactor size increases. This section presents the scenario-based GWP account and reactor-scale analysis, with the kinetic-parameter version used for the reactor calculation specified in section S7.3.
The environmental calculation is a scenario-based global-warming-potential account per kilogram of target product, evaluated at the screened recommendations in Table 23. It retains the 95% recovery / 5% loss assumptions for unreacted recyclable materials and recoverable catalysts.
		(S27)
The recoverable term denotes unreacted material eligible for recovery under the retained accounting scenario.
		(S28)
B is recalculated background, I denotes positive supplements, and  and  are by-product credits and recovery correction, respectively.
[bookmark: RevSection_S7_1]S7.1 Supplemental inventory factors

The benzaldehyde and acetonitrile factors were predictions from EchoChemAI (https://www.echochemai.cn/), a web-based tool that estimates chemical GWP using chemical information and life-cycle assessment context.
[bookmark: RevTable_25]Supplementary Table 25 | Factors used for the 95% recycle account
	Substance
	kg CO2-eq kg−1
	Role / source

	TBA
	2.896479
	Input / Route 4 credit

	TBCL
	3.553676
	Route 1 input

	TBHP
	5.079284
	Route 4 input

	TBAI
	12.750663
	Catalyst makeup

	DTBP
	5.174243
	Route 2/3 by-product credit

	Phosphotungstic acid
	6.000600
	Composition proxy

	Trifluoroacetic acid
	8.920466
	Historical inferred factor

	H2O2 (pure equivalent)
	2.152228
	Historical inferred factor

	Waste treatment
	0.046976
	Historical inferred factor

	Benzaldehyde
	4.350186
	EchoChemAI; 1 kg pure substance

	Acetonitrile
	6.218099
	EchoChemAI; 1 kg pure substance


		(S29)
The factors are a mixture of EchoChemAI predictions, inferred estimates and composition proxies.
[bookmark: RevSection_S7_2]S7.2 GWP decomposition and credit sensitivity

Route-specific accounting decomposition
Negative terms are by-product credits and, for Route 3, the correction for 95% recovery of the TFA initially counted at full charge.
[bookmark: RevTable_26]Supplementary Table 26 | GWP arithmetic at screened conditions
	Route
	Background
	Supplement
	Credits + correction
	Final

	1
	1.254188
	3.820396
	0.000000
	5.074584

	2
	1.010885
	3.556369
	1.299016
	3.268239

	3
	11.836935
	2.960275
	11.329510
	3.467700

	4
	8.237314
	5.170693
	1.105370
	12.302637


All entries are kg CO2-eq per kg target product. Routes 2 and 3 differ by 0.199461 kg CO2-eq kg−1 in this scenario. The resulting Fig. 4f overall scores are 4.27, 4.34, 4.56 and 4.29 for Routes 1–4.

[image: Supplementary Fig. 42 | Route-level GWP waterfalls at screened conditions.]
[bookmark: RevFig_42]Supplementary Fig. 42 | Route-level GWP waterfalls at screened conditions. Bars separate the background, positive inputs, by-product credits, TFA recovery correction and total. Each functional unit is one kilogram of its target product.

Sensitivity to retained by-product credits
The by-product-credit retention fraction is varied from zero to one while other accounting terms remain fixed. This calculation isolates the numerical effect of the credit term.
[image: Supplementary Fig. 43 | Conditional by-product-credit sensitivity.]
[bookmark: RevFig_43]Supplementary Fig. 43 | Conditional by-product-credit sensitivity. Left, GWP for 0–100% retained credit; right, the two endpoints for each route. Background, positive input and TFA recovery terms are fixed at the screened-condition values.
		(S30)
[bookmark: RevTable_27]Supplementary Table 27 | Credits varied in the sensitivity calculation
	Route
	Credited by-product
	Credit at f = 1 (kg CO2-eq kg−1 product)

	1
	None
	-0.000000

	2
	DTBP
	1.299016

	3
	DTBP
	1.006677

	4
	TBA
	1.105370


[bookmark: RevSection_S7_3]S7.3 Reactor geometry and governing model
The reactor model represents Route 2: phosphotungstic-acid-catalyzed TBHP formation from tert-butanol (TBA) and hydrogen peroxide, with DTBP formation as a side reaction. The retained COMSOL Multiphysics 6.3.0.290 calculation describes the coupled reaction and transport processes.
The solved domain is two-dimensional and axisymmetric: 0 ≤ r ≤ R and 0 ≤ z ≤ L, with L = 1.6 m. Radius is scanned from 1 to 20 mm in 1 mm steps. The boundary r = 0 is the symmetry axis; r = R is the tube wall; z = 0 and z = L are the inlet and outlet.

[image: Supplementary Fig. 44 | Two-dimensional axisymmetric domain and boundary conditions.]
[bookmark: RevFig_44]Supplementary Fig. 44 | Two-dimensional axisymmetric domain and boundary conditions. The dashed line is the computational symmetry boundary. The inlet imposes fully developed flow with a specified mean velocity, temperature and species concentrations. The wall has no slip, no species flux and convective heat removal; the outlet uses outflow conditions. Arrows illustrate transport directions. The schematic is not to scale.
Coupled conservation equations
The stationary calculation couples laminar flow, species transport and heat transfer in cylindrical coordinates (r, z), with no azimuthal dependence. The velocity has radial and axial components u = (, ). For a scalar f, ; for a flux J, . These axisymmetric operators include the cylindrical geometric factor. The transient forms below reduce to the solved steady equations when .
		(S31)
		(S32)
		(S33)
The stoichiometric source terms, in the order TBA, H2O2, TBHP, DTBP and H2O, are −r1 − r2, −r1, r1 − r2, r2 and r1 + r2. Rates in these source terms use mol m−3 s−1 and enthalpies use J mol−1, giving heat release in W m−3. Axis symmetry imposes zero radial scalar gradients and zero radial velocity at r = 0. The tube wall has zero species flux, zero velocity and the specified convective heat flux.
[bookmark: RevTable_28]Supplementary Table 28 | Conservation-law symbols
	Symbol
	Meaning

	r, z
	Radial and axial coordinates

	
	Species concentration (mol m−3)

	, 
	Radial and axial velocity components (m s−1)

	
	Species diffusion coefficient (m2 s−1)

	
	Stoichiometric source term (mol m−3 s−1)

	ρ, , k
	Density, heat capacity and thermal conductivity

	, 
	Reaction enthalpy and rate for reaction j

	U, 
	Wall heat-transfer coefficient and external temperature


[bookmark: RevSection_S7_4]S7.4 Thermal fields and reactor performance

Complete radius–position temperature map
The centerline export contains 20 radius cases, each with 1,001 points at r = 0 and z = 0–1.6 m.
[image: Supplementary Fig. 45 | Centerline temperature map.]
[bookmark: RevFig_45]Supplementary Fig. 45 | Centerline temperature map. The horizontal axis is the verified axial position z in meters. Each profile is linearly resampled to 501 uniformly spaced positions only for display. Colors encode temperature in kelvin.

Centerline temperature profiles for different tube radii
The figure compares temperature profiles along the reactor centerline for different tube radii. The curves are scaled by the same factor and shifted vertically for easier comparison.
[image: Supplementary Fig. 46 | Centerline temperature profiles for different tube radii.]
[bookmark: RevFig_46]Supplementary Fig. 46 | Centerline temperature profiles for different tube radii. Baselines identify tube radii in millimeters. Temperature differences are scaled as (T − 313.15 K)/80 K and shifted vertically for comparison; color distinguishes tube radii. Each curve contains its original 1,001 exported points.

Spatial distribution of temperature
Spatial quantiles and cumulative distributions are recalculated from the profiles on the same 501-point uniform axial grid. Each axial sample has equal weight.
[image: Supplementary Fig. 47 | Axial centerline temperature distributions at different tube radii.]
[bookmark: RevFig_47]Supplementary Fig. 47 | Axial centerline temperature distributions at different tube radii. Left, median temperature and the 10th–90th percentile range across axial sample positions for each radius. Right, cumulative fraction of axial sample positions with temperatures at or below the indicated value for tube radii of 1, 4, 8, 9, 12 and 20 mm. The shaded range describes spatial temperature variation along the centerline.

Outlet performance and net production
Performance is calculated from axisymmetric inlet and outlet boundary integrals. Positive axial flow and net product formation are defined by
		(S34)
		(S35)
		(S36)
		(S37)
		(S38)
		(S39)
The selectivity is the net product-mole fraction used for comparison with the route-level evaluation. It differs from a selectivity based on tert-butyl-group equivalents. The TBA balance therefore uses ΔNTBHP + 2ΔNDTBP, while the H2O2 balance uses ΔNTBHP + ΔNDTBP. The calculation is based on fluxes rather than a single outlet point or a centerline concentration.
At the selected R = 8 mm, the outlet flow is 3.01593 mL min−1; flow-weighted outlet TBHP concentration is 1481.408 mol m−3 and temperature is 313.226 K. TBA conversion is 48.8782%, net TBHP yield is 45.0164%, and selectivity is 95.8870%. Net TBHP production is 0.402373 g min−1 (0.0241424 kg h−1) per tube.
The simulated reference tube (R = 1 mm) produces 0.00318194 g min−1 of net TBHP, compared with 0.402373 g min−1 for R = 8 mm, a 126.455-fold increase. A 1,000-tube numbering-up scenario gives 24.1424 kg h−1 by linear multiplication.

Substitution for the reference tube (R = 1 mm) and selected tube (R = 8 mm), respectively, gives net TBHP molar rates:
		(S40)
		(S41)
Both rates are in mol s−1. Multiplication by the TBHP molecular mass (90.121 g mol−1) and 60 s min−1 gives 0.003181937 and 0.402372685 g min−1, respectively. The inlet product background is subtracted before conversion.
The net-product capacity gain, , differs from the diameter gain  and the equal-velocity flow gain :
		(S42)
		(S43)
 is the net-yield ratio at the same feed composition. For 1,000 identical tubes, the scenario capacity is
		(S44)

Radius screening results
The selection rule is the largest tested radius whose exported domain maximum temperature does not exceed 368 K. Within the 1–20 mm scan, R = 8 mm (D = 16 mm) satisfies this rule with Tmax = 366.712258 K. R = 9 mm gives 368.054947 K and exceeds the threshold by 0.054947 K.
[bookmark: RevTable_29]Supplementary Table 29 | Performance for radii meeting the 368 K criterion
	R (mm)
	Tmax (K)
	XTBA (%)
	YTBHP (%)
	STBHP (%)
	TBHP (g min−1)

	1
	363.150
	23.553
	22.783
	98.339
	0.003182

	2
	363.150
	25.872
	24.919
	98.124
	0.013921

	3
	363.248
	28.502
	27.317
	97.876
	0.034336

	4
	363.563
	31.538
	30.056
	97.595
	0.067163

	5
	364.060
	35.035
	33.175
	97.273
	0.115833

	6
	364.738
	39.074
	36.722
	96.897
	0.184630

	7
	365.614
	43.684
	40.683
	96.443
	0.278413

	8
	366.712
	48.878
	45.016
	95.887
	0.402373


The R = 8 mm maximum occurs on the symmetry axis at z = 0.0100154 m. The complete profiles remain in Figs. 45–47.
[bookmark: RevSection_S8]S8 Closed-loop knowledge reuse and decision support
Fitted kinetics, processed experimental data, screened conditions, environmental inventories and archived reactor simulation results were added to the knowledge graph. Each record was linked to its reaction route and source, with its evidence type, units and applicable conditions specified. This section examines how knowledge writeback supports subsequent reaction interpretation and process assessment.
[bookmark: RevSection_S8_1]S8.1 Overview of the case studies
Thirteen cases examined how the knowledge graph could support reaction analysis, preliminary reactor sizing, route evaluation and experimental planning (Supplementary Table 30). The corresponding questions, calculations and recorded Qwen2 answers are provided in Supplementary Data. Cases 1–3 are discussed in section S8.2, cases 4–5 in section S8.3, and cases 6–13 in section S8.4.
[bookmark: RevTable_30]Supplementary Table 30 | Overview of the 13 knowledge reuse cases
	Case
	Question or task
	Section

	1
	Temperature effects on yield and selectivity in Route 2
	S8.2

	2
	Temperature and residence-time trade-offs in Route 3
	S8.2

	3
	Temperature and concentration sensitivity in Route 4
	S8.2

	4
	Independent tube-size estimation for Route 2 under heat-transfer constraints
	S8.3

	5
	Tube-size estimation for Route 4 under assumed thermal properties
	S8.3

	6
	Route selection using GWP and the five-indicator evaluation
	S8.4

	7
	Initial screening conditions for the p-tolualdehyde analog
	S8.4

	8
	Condition recommendations and kinetic interpretation for Route 1
	S8.4

	9
	Condition recommendations and kinetic interpretation for Route 2
	S8.4

	10
	Condition recommendations and kinetic interpretation for Route 3
	S8.4

	11
	Condition recommendations and kinetic interpretation for Route 4
	S8.4

	12
	Literature-guided screening of perester formation from benzyl alcohol
	S8.4

	13
	Literature-guided temperature and time selection for perester formation from benzyl cyanide
	S8.4


For each case, relevant graph records were retrieved and numerical tools calculated the quantities needed for the comparison or recommendation. Rules kept processed observations, fitted parameters, model predictions and proposed conditions distinct. 
[bookmark: RevSection_S8_2]S8.2 Temperature effects and reaction competition
Cases 1–3 examined temperature effects, reaction competition and concentration sensitivity in Routes 2–4. Temperature comparisons held feed composition, catalyst concentration and reaction time fixed; the fitted orders were also used to examine concentration sensitivity.
Case 1: Temperature and selectivity in Route 2
Case 1 examined whether increasing temperature favors TBHP yield or selectivity in Route 2, the phosphotungstic-acid-catalyzed reaction, and how the fitted kinetics explain competition with DTBP formation. For Route 2 at 1,717.09 s, 0.108864 mol L−1 catalyst and fixed feed, increasing 70 to 80 °C changes predicted TBHP yield from 69.86 to 75.51% and selectivity from 90.46 to 86.05%. Main and side apparent activation energies are 101.142 and 100.250 kJ mol−1; their fixed-composition rate multipliers are almost equal (2.729 and 2.705). At fixed temperature, the rate ratio is
		(S45)
Product accumulation and peroxide depletion therefore change competition during residence, even when thermal acceleration is similar. The matched processed yields are 67.62 and 77.62%, while processed selectivities are 87.58 and 88.04%; the latter trend differs from the model. This supports a quantified trade-off and a model-checking priority.
Case 2: Temperature and residence time in Route 3
Case 2 examined whether a higher temperature or a longer residence time improves TBHP production in Route 3, the trifluoroacetic-acid-catalyzed reaction, while accounting for DTBP formation. For Route 3 at the same comparison time, predicted yield changes only from 73.96 to 74.27% between 70 and 80 °C, whereas selectivity falls from 89.35 to 85.24%. Its main/side activation energies are 123.435/118.799 kJ mol−1; catalyst orders are 1.496/1.517 and main H2O2 order is 2.306. The 200-draw parameter bootstrap interval for the low-minus-high yield difference spans −1.92 to +1.09 percentage points, so the small predicted yield ranking is unresolved under that conditional model uncertainty. At 80 °C, the predicted product maximum occurs around 635 s on an 8.6-s time grid, motivating time screening rather than simply extending residence.
Case 3: Temperature and concentration effects in Route 4
Case 3 compared the effects of temperature and reactant or catalyst concentrations on TBPB formation in Route 4. Its matched temperature comparison used the same feed composition and catalyst concentration at both temperatures; this composition differs from the recommended conditions in case 11. For Route 4 at 1,484.41 s, 55 to 65 °C gives only a 1.050-fold fixed-composition acceleration because  is 4.495 kJ mol−1. In contrast, a 10% isolated increase in catalyst, aldehyde or TBHP gives rate multipliers of 1.456, 1.457 and 1.273, respectively. These apparent high orders motivate concentration control and local validation. Predicted yield rises from 54.29 to 54.80%.
[bookmark: RevSection_S8_3]S8.3 Reactor sizing and thermal screening
Cases 4 and 5 combined the fitted kinetics with reaction enthalpies and heat-transfer assumptions to estimate tube dimensions for Routes 2 and 4, respectively. The estimates used the simplified thermal model below.
The independent screening tool converts fitted reaction rates to volumetric heat release:
		(S46)
Here  is entered in kJ mol−1 and  in mol L−1 s−1; the factor 106 converts their product to W m−3. Under uniform volumetric heat release, the temperature rise combines external heat transfer and radial conduction:
		(S47)
R is tube radius (m), h is the external heat-transfer coefficient (W m−2 K−1), and k is thermal conductivity (W m−1 K−1). The equation is solved for R.
Case 4: Tube-size estimation for Route 2
Case 4 asked what tube radius could accommodate Route 2 under the specified temperature limit, and how the estimate changes with heat release and external heat transfer. For Route 2, the main and side reaction-enthalpy magnitudes are 32.8 and 13.4 kJ mol−1. With k = 0.6 W m−1 K−1, h = 170 W m−2 K−1, coolant 313.15 K and ceiling 368 K, the kinetics give a peak  of 1.340 × 106 W m−3 and R ≈ 6.99 mm.
Relative to a 2-mm-diameter reference, the diameter gain is 6.99 and the equal-velocity flow gain is 48.87. External and radial temperature rises contribute 27.56 and 27.29 K. Doubling heat release reduces the radius estimate to 4.32 mm; halving or doubling h gives 5.11 or 8.30 mm.
Case 5: Thermal scenarios for Route 4
Case 5 examined how Route 4 kinetics could support an initial tube-size estimate when its reaction enthalpy and thermal conductivity have not been measured. These two properties were varied to assess their effect on the estimated radius. For Route 4, its fitted kinetics are combined with explicitly assumed  = 32.8, 65.6 or 131.2 kJ mol−1 and k = 0.15, 0.30 or 0.60 W m−1 K−1. With h = 170 W m−2 K−1, coolant 40 °C and ceiling 65 °C, the nine radius estimates span 1.71–6.84 mm. The middle scenario gives R = 3.42 mm, diameter 6.84 mm and equal-velocity flow gain 11.7 relative to a 2-mm tube.
[bookmark: RevSection_S8_4]S8.4 Route evaluation and condition recommendations
Route evaluation (case 6)
Case 6 asked which route is preferred when assessed by GWP or by the five-indicator overall score. Case 6 distinguishes the five-index route score from the condition-screening objective: Route 3 has the highest overall index (4.559), whereas Route 2 has the lowest nominal GWP (3.268 kg CO2-eq kg−1 product) in the stated recovery scenario.
Condition recommendations for Routes 1–4 (cases 8–11)
Cases 8–11 sought recommended conditions for Routes 1–4, respectively, by maximizing the route-specific score D defined in section S6.2. The fitted kinetic parameters were used to interpret the recommendations.
Case 8: Conditions for Route 1
Case 8 considered TBHP synthesis from TBCL and H2O2 and used the fitted reaction orders to identify feed variables requiring close control at the recommended conditions. The recommended temperature and residence time are 60 °C and 1,731.81 s. The predicted yield is 51.74%; the recorded condition selected by the same objective gives 43.92%.
Case 9: Conditions for Route 2
Case 9 considered phosphotungstic-acid-catalyzed TBHP synthesis from TBA and H2O2 and examined how the recommended conditions balance TBHP formation and consumption through competing reactions. The recommended temperature and residence time are 80 °C and 1,015.06 s. The predicted yield is 75.52%; the recorded condition selected by the same objective gives 78.37%.
Case 10: Conditions for Route 3
Case 10 considered trifluoroacetic-acid-catalyzed TBHP synthesis from TBA and H2O2 and examined whether shorter residence time could improve throughput while retaining yield and selectivity. The recommended temperature and residence time are 85 °C and 309.78 s. The predicted yield is 77.17%; the recorded condition selected by the same objective gives 78.70%.
Case 11: Conditions for Route 4
Case 11 considered TBAI-catalyzed TBPB synthesis from benzaldehyde and TBHP and used its concentration sensitivity to identify priorities for validating the recommended conditions. The recommended temperature and residence time are 65 °C and 1,484.41 s. The predicted yield is 73.11%; the recorded condition selected by the same objective gives 72.46%.
Case 7: Initial screening for the p-tolualdehyde analog
Case 7 asked which initial temperature and residence-time combinations should be tested when benzaldehyde in Route 4 is replaced by p-tolualdehyde to form the corresponding perester with TBHP. For p-tolualdehyde, case 7 combines the aldehyde/TBHP perester study by Wei et al.19 with Route 4 evidence to propose a 45/55/65 °C by 371/742/1,484 s screening grid. The center is 55 °C and 742 s; the Route 4 reference uses TBHP/aldehyde = 1.1 and catalyst 0.3160 mol L−1. Literature solvent and catalyst conditions are retained as provenance.
Case 12: Perester formation from benzyl alcohol
Case 12 asked how literature evidence and experience from Route 4 could guide initial screening of TBPB synthesis from benzyl alcohol and TBHP. The study by Zhang et al. provides the starting point: benzyl alcohol/TBHP/TBAI in water at room temperature20.
Case 13: Perester formation from benzyl cyanide
Case 13 asked how temperature and reaction time should be selected to favor TBPB over benzoic acid in the reaction of benzyl cyanide with TBHP. Hashemi et al. report benzyl cyanide/TBHP/Cu(OAc)2 without added solvent at room temperature for 5 h21. The reported perester yield decreases from 80% at room temperature to 40% at 50 °C and 5% at 80 °C, with benzoic acid favored at high temperature. This supports starting near the literature temperature and following both target and side product over time.

[image: Supplementary Fig. 48 | Conditional engineering and reaction-transfer decisions.]
[bookmark: RevFig_48]Supplementary Fig. 48 | Conditional engineering and reaction-transfer decisions. a, Route 2 independent thermal-envelope radius under heat-load and external heat-transfer perturbations. b, Route 4 radii calculated using its kinetics and a 3 × 3 grid of assumed reaction enthalpy and thermal conductivity; color and labels report radius in mm. c, Evidence-to-screening sequence for an aldehyde analog. The thermal estimates are simplified scenarios, and the analog grid has not been experimentally validated. Cases 4, 5 and 7 are discussed in sections S8.3–S8.4 (Supplementary Data).
[bookmark: RevSection_S8_5]S8.5 Supplementary data and knowledge graph statistics
Supplementary Data contains the processed concentration inputs and associated experimental conditions, the 120 QA benchmark questions with scientific reference answers, and the 13 knowledge-reuse cases.
Knowledge graph statistics
The knowledge graph contains approximately 3.6 million nodes and 22 million unique directed relations, spanning 10 node types and 11 relation types (Supplementary Tables 31 and 32).
[bookmark: RevTable_31]Supplementary Table 31 | Node types and counts in the knowledge graph
	Node type
	Count
	Definition

	Molecule
	1,303,464
	Canonical chemical structure, including molecular, ionic and multicomponent species.

	MaterialRecord
	475,589
	Source-specific material structure record, keyed by dataset and native ID.

	ReactionRecord
	1,662,584
	Patent and extracted-procedure record; not a globally unique transformation.

	PatentDocument
	130,989
	Patent source associated with included reaction records.

	StructuralClass
	31
	Non-exclusive structural/compositional classes: 22 molecular and 9 material classes.

	ChemicalElement
	89
	Element identified from the parsed source structure or composition.

	Dataset
	7
	Four material sources, one USPTO-derived source and two project model sources.

	PhysicalQuantity
	26
	Quantity concept; numerical values retain units, context and provenance separately.

	ReactionModel
	6
	Six fitted main/side-reaction models across the four project routes.

	EngineeringModel
	1
	Route 2 reactor-model inputs and kinetic-model connections.

	Total
	3,572,786
	10 node types


Nodes are counted by unique identifier. Chemical species use canonical InChI, whereas material structure records use dataset and native record ID; different structures or source records are not merged solely by formula. Reaction records are grouped by normalized patent ID and extracted procedure text. Class memberships are non-exclusive.
[bookmark: RevTable_32]Supplementary Table 32 | Relation types and counts in the knowledge graph
	Relation type
	Count
	Meaning

	belongs_to
	4,927,382
	Species or material record → structural/compositional class.

	has_element
	6,226,912
	Species or material record → constituent element.

	has_reactant
	4,951,984
	Reaction record or model → reactant species.

	has_product
	1,721,108
	Reaction record or model → product species.

	has_solvent
	1,345,037
	Reaction record → solvent species.

	reported_in
	1,662,584
	Reaction record → source patent.

	recorded_in
	606,585
	Material, patent or model record → source dataset.

	has_property
	471,514
	Entity or model → quantity, with contextual numerical records.

	derive
	20
	Quantity → quantity dependency in a specified complete equation.

	influences
	14
	Species or quantity → quantity, conditional on the specified model.

	related
	3
	Explicit contextual association between quantities or models.

	Total
	21,913,143
	11 relation types


Relations are counted as unique subject–predicate–object triples; multiple evidence and condition records are retained separately. Membership, composition and reaction-participation edges are distinct. The uppercase HAS_PROPERTY, DERIVE, INFLUENCES and RELATED labels in Fig. 2 correspond to the lowercase predicates above.
The physical-quantity layer contains 26 concepts and seven formula records. A total of 471,533 numerical records with units, context and provenance support 471,514 has_property relations: 471,444 supplied Materials Project calculation records and 89 project parameters, conditions, calculated values or engineering inputs. Kinetic parameters belong to specified reaction models.
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