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흐름 반응기에서 반응 용액이 채널을 통과할 때 반응이 진행됩니다. 따라서, 정상 상태에서, 

흐름 채널의 관찰 지점은 항상 동일한 반응 시간이 경과한 반응 지점입니다. 따라서, 흐름 채널의 여

러 다른 지점에서 반응 용액을 정적으로 관찰함으로써 반응과 관련된 역학을 측정할 수 있습니다. 

이 기능을 활용하여, 열 유체 분석 공식을 기반으로 반응 중 흐름 채널의 온도 분포에 대한 물리적 

모델을 사용하는 소프트 센서를 개발했습니다. 본 논문에서는 소프트 센서로 동시에 측정되는 깁스 

활성화 에너지 (ΔG‡)와 반응 엔탈피 (ΔH)의 예를 제시하고, 자체 데이터를 확장하여 고처리량 

반응 분석 및 재료 정보학에 대한 적용을 소개합니다.

소개

화학 공정 개발 시 반응 동역학과 반응열을 이해하면 안전한 조건

에서 최적의 작동이 가능합니다.  하지만, 반응 속도를 이해하

기 위해, 반응 속도 방정식에 따라 반응 중에 반복 샘플링 및 정량 분

석을 수행해야 하므로 많은 노력이 필요합니다 (그림 1-a). 최근, 흐

름 반응기를 사용한 동역학 분석 방법이 개발되었습니다(1)-(4). 마찬가

지로, 흐름 반응기와 결합된 간단한 구성은 안전하고 고처리량 측정

을 위한 반응열 분석에서 주목을 끌고 있습니다(5)(6).

이는 플러그 흐름 정상 상태 조건의 흐름 반응기에서 흐름 경로

의 모든 관찰 지점이 항상 동일한 반응 시간이 경과한 반응 지점이 된

다는 특징을 효과적으로 활용합니다. 따라서, 반응 속도를 결정하는 

파라미터인 깁스 활성화 에너지 (ΔG‡)와 반응열에 초점을 맞춘 흐

름 경로 내 온도 상승의 크기와 형태부터 반응열 자체인 반응 엔탈피

를 동시에 측정할 수 있는 물리적 모델을 기반으로 한 소프트 센서를 

개발했습니다 (그림 1-b)(7). 이 방법은 흐름 경로의 온도를 정적 관찰

만 필요로 하며, 흐름 반응기의 반응이 정상 상태에 도달하는 즉시 측

정 결과를 얻을 수 있습니다. 이 방법은 정량화를 위한 보정 곡선을 

생성하는 번거로운 작업은 물론, 반응열 측정을 위한 대기 시간을 제

거하여 간단하고 처리량이 많은 측정을 실현합니다.
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Marketing Headquarters
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INTRODUCTION

Understanding reaction kinetics and the heat of reaction 
when developing chemical processes leads to optimal 

operation under safe conditions. However, to understand 
reaction rates, it is necessary to perform repeated sampling 
and quantitative analyses during reactions according to the 
reaction rate equation, which requires great effort (Figure 
1-a). Recently, kinetic analysis methods using flow reactors 
have been developed(1)-(4). Similarly, simple configurations 
combined with f low reactors are attracting attention in the 
analysis of the heat of reaction for safe and high-throughput 
measurements(5)(6). This effectively utilizes the feature that in 
a f low reactor under plug-flow steady-state conditions, any 
observation point on the flow path always becomes a reaction 
point where the same reaction time has elapsed. Therefore, we 
have developed a soft sensor based on a physical model that 
can simultaneously measure the Gibbs energy of activation 

Simultaneous Characterization 
of Reaction Kinetics and 
Enthalpy from Spatially Resolved 
Temperature Profiles in a Flow 
Reactor and Its Applications
Jun-ichi Ogawa *1  Ryosuke Nakamura *2

In a flow reactor, the reaction proceeds as the reaction solution flows through the 
channel. Therefore, in a steady state, an observation point in the flow channel is always the 
reaction point where the same reaction time has elapsed. Thus, by statically observing the 
reacting solution from multiple different points in the flow channel, we can measure the 
dynamics associated with the reaction. Taking advantage of this feature, we have developed a 
soft sensor, which employs a physical model of the temperature distribution in a flow channel 
during a reaction based on a thermal fluid analysis formula. In this paper, we present 
examples of the Gibbs energy of activation (ΔG‡) and enthalpy of reaction (ΔH), which are 
simultaneously measured by the soft sensor, and introduce applications to high-throughput 
reaction analysis and materials informatics by expanding in-house data.
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(ΔG‡), which is a parameter that determines the reaction rate, 
and the enthalpy of reaction (ΔH), which is the heat of reaction 
itself, from the magnitude and shape of the temperature rise 
in the f low path, focusing on the heat of reaction (Figure 
1-b)(7). This method requires only static observation of the 
temperature in the f low path, and the measurement results 
can be obtained as soon as the reaction in the f low reactor 
reaches a steady state. This method realizes simple and high-
throughput measurements by eliminating the cumbersome 
work of creating calibration curves for quantification as well 
as the waiting time for measuring the heat of reaction.
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Figure 1 (a) Sampling method. (b) Proposed method그림1  (a) 샘플링 방법 (b) 제안 방법
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최근에는 재료 정보학을 활용하여 습식 실험 자체를 줄임으로

써 효율성을 개선하려는 노력이 있었습니다. 이러한 모델을 구축하

는 데 사용할 수 있는 공공 및 상업용 데이터베이스의 개선도 추진되

고 있습니다. 

하지만, 이는 연구원이 수행하는 실험이며 주관적으로 수집된 

데이터를 포함하며, 관심 영역의 데이터 보강이 적거나 서로 다른 장

비로 측정된 데이터의 혼합으로 인해 데이터를 활용하기 어려운 경

우가 있을 수 있습니다(8). 따라서, 통제된 실험 조건 하에서의 데이터 

획득은 여전히 재료 특성의 해석과 예측에 중요한 역할을 합니다. 예

를 들어, 이 글은 서로 다른 측쇄 구조를 가진 여러 아미노산을 사용

하여 고처리량 방식으로 얻을 수 있는 반응 시간 차이에 대한 기질 차

이 영향을 ΔG‡ 값 차이로 보여주기 위해 펩타이드 합성에 초점을 

맞추었습니다. 또한 자체적으로 얻은 ΔG‡ 값 측정 데이터를 기반

으로 한 재료 정보학을 사용하여 ΔG‡ 값에 대한 예측 모델을 생성

하고 평가했습니다.

측정 원리 및 실험 설정

반응 속도와 반응 엔탈피는 반응 중 발생하는 열의 시간 변화를 

흐름 반응기 내부의 온도 분포로 캡처하여 동시에 측정할 수 있습니

다. 반응열로 인한 흐름 반응기 내부 흐름 경로의 종방향에 따른 온

도 분포는 반응 속도가 증가함에 따라 더 가파르게 되고, 반대로, 시

간이 갈수록 온도 변화는 반응 속도가 감소함에 따라 서서히 진행됩

니다. 또한, 반응 엔탈피는 온도 분포의 면적과 명확하게 상관관계가 

있습니다. 우리는 다음 관계를 공식화하여 제안된 방법을 실현했습

니다(7).

열 유체 분석 방정식

우리는 정상 상태 에너지 보존 방정식으로부터 흐름 반응기 내

부의 온도 분포를 나타내는 열 유체 해석 방정식을 도출하여 공식화

했습니다(9). 밀도, 비열, 열 전달 계수와 같은 물리적 용액 특성이 반

응 전후에 일정하고 흐름 반응기의 외부 온도가 균일하고 일정하다

고 가정하면, 흐름 경로의 임의의 위치 x에서의 온도 변화는 다음과 

같이 표현됩니다:

여기서 ρ은 용액 밀도, cp는 비열 용량, u는 유속, T(x)는 x에서

의 온도, q4 (
3

x) 는 x에서의 반응 엔탈피, TB는 항온조의 온도, U는 전체 

열 전달 계수, ΔV는 단위 부피, ΔA는 ΔV의 열 전달 면적입니다.

이 미분방정식을 풀기 위해 
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Recently, there have been efforts to improve efficiency by 
reducing wet experiments themselves through the utilization 
of materials informatics. Enhancements to both public and 
commercial databases that can be used to build these models 
are also being pursued. However, these are experiments 
conducted by researchers and involve subjectively collected 
data, and there may be cases where the data enrichment in 
the area of interest is low or where it is difficult to utilize 
the data due to the mixing of data measured with different 
equipment(8). Therefore, data acquisition under controlled 
experimental conditions still plays an important role in the 
interpretation and prediction of material properties.

As an example, this article focuses on peptide synthesis 
to demonstrate that the effect of substrate differences on 
reaction time can be obtained in a high-throughput manner 
as a difference in ΔG‡ values, using several amino acids with 
different side chain structures. We also created and evaluated 
a prediction model for ΔG‡ values, using materials informatics 
based on the ΔG‡ value measurement data obtained in-house.

MEASUREMENT PRINCIPLE AND 
EXPERIMENTAL SETUP

The reaction rate and enthalpy of reaction can be 
measured simultaneously by capturing the time change 
of the heat generated during the reaction as a temperature 
dist r ibution inside the f low reactor. The temperature 
distribution along the longitudinal direction of the flow path 
inside the f low reactor due to the heat of reaction becomes 
steeper as the reaction rate increases, and conversely, the 
temperature change over time becomes gradual as the reaction 
rate decreases. In addition, the reaction enthalpy clearly 
correlates with the area of the temperature distribution. We 
realized the proposed method by formulating these relations(7).

Thermal Fluid Analysis Equation
We derived and formulated a thermal f luid analysis 

equation representing the temperature distribution inside 
a f low reactor from the steady-state energy conservation 
equation(9). Assuming that physical solution properties such as 
density, specific heat, and heat transfer coefficient are constant 
before and after the reaction, and that the f low reactor’s 
external temperature is uniform and constant, the temperature 
change at any position x in the flow path is expressed as
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where ρ  is the solution density, cp is the specific heat capacity, 
u is the flow velocity, T(x) is the temperature at x, q x� � is the 
reaction enthalpy at x, TB is the temperature of the constant 
temperature bath, U is the overall heat transfer coefficient, 
ΔV is the unit volume, and ΔA is heat transfer area of ΔV. 
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 to solve this 

differential equation and selecting the amidation reaction as 
the verification target, considering the amidation reaction as a 
second-order reaction, we used the Eyring equation to derive 

the thermal fluid analysis equation which can be expressed as
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where kB is the Boltzmann constant, R is the gas constant, h is 
Planck’s constant, [A] is the molar concentration of reactant A, 
and [B] is the molar concentration of reactant B. The equation 
obtained here is used as a soft sensor, and the variables 
ΔG‡ and ΔH can be determined by fitting the equation to a 
measured temperature distribution. Tinlet can be considered 
equal to TB by sufficient heat exchange before the reaction. 

The parameter a is calculated as a U
c d u

�
4

� p h
, where dh is the 

flow path diameter.

Temperature Sensor-Equipped Flow Reactor
To measure the temperature distribution for applying 

the soft sensor, we prepared a f low reactor equipped with 
temperature sensors in the flow path (Figure 2). This reactor 
consists of a PTFE tube with an inner diameter of 0.80 mm, 
a stainless-steel T-mixer (Sanko Seiki Kogyo) with an inner 
diameter of 0.25 mm, and a stainless-steel jig with Class 1 
(±0.5°C) T-type thermocouples and a diameter of 0.5 mm 
(Hayashi Denko), in which solution flowed in the direction of 
the arrow shown in Figure 2.

Figure 2 Flow reactor with temperature sensors

Mixer

SUS jointT-type thermocouple

We obtained the ΔG‡ and ΔH values by fitting Equation  
(2) to a temperature dist r ibution measured using this 
temperature sensor–equipped f low reactor. We previously 
reported that ΔG‡ values obtained in this way agree well with 
values derived by conventional methods of sampling and 
quantification at each reaction time(7).

Combination with an Automated Synthesis System
To obtain the reaction temperature distribution in a high-

throughput manner, we combined a temperature sensor–
equipped f low reactor with a FlowSyn Auto-LF (Uniqsis 
Ltd.) automated synthesis system (Figure 3). This reactor 

이라는 사실을 

사용하고 아미드화 반응을 검증 대상으로 선택하여, 아미드화 반응

을 2차 반응으로 간주함으로써, 다음과 같이 표현할 수 있는 열 유체 

해석 방정식을 도출하기 위해 아이링 방정식을 사용했습니다.

여기서 kB는 볼츠만 상수, R은 기체 상수, h는 플랑크 상수, [A]

는 반응물 A의 몰 농도, [B]는 반응물 B의 몰 농도입니다. 여기서 구

한 방정식은 소프트 센서로 사용되며, 변수 ΔG‡ 및 ΔH는 방정식

을 측정된 온도 분포에 맞추어 결정할 수 있습니다. Tinlet은 반응 전에 

충분한 열 교환을 통해 TB와 동일한 것으로 간주할 수 있습니다.  파

라미터 a는 
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equipped f low reactor with a FlowSyn Auto-LF (Uniqsis 
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 로 계산되며, 여기서 d는 흐름 경로 직경입

니다.

온도 센서 장착 흐름 반응기

소프트 센서 적용을 위한 온도 분포를 측정하기 위해, 흐름 경로

에 온도 센서가 장착된 흐름 반응기를 준비했습니다 (그림 2). 이 반

응기는 내경 0.80mm의 PTFE 튜브, 내경 0.25mm의 스테인리스 스

틸 T-믹서 (Sanko Seiki Kogyo), 1등급 (±0.5℃) T형 열전대와 직경 

0.5mm (Hayashi Denko)의 스테인리스강 지그로 구성되며, 그림 2

에 표시된 화살표 방향으로 용액이 흐릅니다.

우리는 이 온도 센서가 장착된 흐름 반응기를 사용하여 측정된 

온도 분포에 식 (2)를 맞추어 ΔG‡ 및 ΔH 값을 얻었습니다. 우리는 

이전에 이러한 방식으로 얻은 ΔG‡ 값이 각 반응 시간에서 샘플링 

및 정량화에 대한 기존 방법으로 도출된 값과 잘 일치한다고 발표했

습니다(7).

자동 합성 시스템과의 결합

고처리량 방식으로 반응 온도 분포를 얻기 위해, 온도 센서가 장

착된 흐름 반응기와 FlowSyn Auto-LF (Uniqsis Ltd.) 자동 합성 시스

템을 결합했습니다 (그림 3)
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Recently, there have been efforts to improve efficiency by 
reducing wet experiments themselves through the utilization 
of materials informatics. Enhancements to both public and 
commercial databases that can be used to build these models 
are also being pursued. However, these are experiments 
conducted by researchers and involve subjectively collected 
data, and there may be cases where the data enrichment in 
the area of interest is low or where it is difficult to utilize 
the data due to the mixing of data measured with different 
equipment(8). Therefore, data acquisition under controlled 
experimental conditions still plays an important role in the 
interpretation and prediction of material properties.

As an example, this article focuses on peptide synthesis 
to demonstrate that the effect of substrate differences on 
reaction time can be obtained in a high-throughput manner 
as a difference in ΔG‡ values, using several amino acids with 
different side chain structures. We also created and evaluated 
a prediction model for ΔG‡ values, using materials informatics 
based on the ΔG‡ value measurement data obtained in-house.

MEASUREMENT PRINCIPLE AND 
EXPERIMENTAL SETUP

The reaction rate and enthalpy of reaction can be 
measured simultaneously by capturing the time change 
of the heat generated during the reaction as a temperature 
dist r ibution inside the f low reactor. The temperature 
distribution along the longitudinal direction of the flow path 
inside the f low reactor due to the heat of reaction becomes 
steeper as the reaction rate increases, and conversely, the 
temperature change over time becomes gradual as the reaction 
rate decreases. In addition, the reaction enthalpy clearly 
correlates with the area of the temperature distribution. We 
realized the proposed method by formulating these relations(7).

Thermal Fluid Analysis Equation
We derived and formulated a thermal f luid analysis 

equation representing the temperature distribution inside 
a f low reactor from the steady-state energy conservation 
equation(9). Assuming that physical solution properties such as 
density, specific heat, and heat transfer coefficient are constant 
before and after the reaction, and that the f low reactor’s 
external temperature is uniform and constant, the temperature 
change at any position x in the flow path is expressed as
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differential equation and selecting the amidation reaction as 
the verification target, considering the amidation reaction as a 
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where kB is the Boltzmann constant, R is the gas constant, h is 
Planck’s constant, [A] is the molar concentration of reactant A, 
and [B] is the molar concentration of reactant B. The equation 
obtained here is used as a soft sensor, and the variables 
ΔG‡ and ΔH can be determined by fitting the equation to a 
measured temperature distribution. Tinlet can be considered 
equal to TB by sufficient heat exchange before the reaction. 

The parameter a is calculated as a U
c d u

�
4

� p h
, where dh is the 

flow path diameter.

Temperature Sensor-Equipped Flow Reactor
To measure the temperature distribution for applying 

the soft sensor, we prepared a f low reactor equipped with 
temperature sensors in the flow path (Figure 2). This reactor 
consists of a PTFE tube with an inner diameter of 0.80 mm, 
a stainless-steel T-mixer (Sanko Seiki Kogyo) with an inner 
diameter of 0.25 mm, and a stainless-steel jig with Class 1 
(±0.5°C) T-type thermocouples and a diameter of 0.5 mm 
(Hayashi Denko), in which solution flowed in the direction of 
the arrow shown in Figure 2.

Figure 2 Flow reactor with temperature sensors

Mixer

SUS jointT-type thermocouple

We obtained the ΔG‡ and ΔH values by fitting Equation  
(2) to a temperature dist r ibution measured using this 
temperature sensor–equipped f low reactor. We previously 
reported that ΔG‡ values obtained in this way agree well with 
values derived by conventional methods of sampling and 
quantification at each reaction time(7).

Combination with an Automated Synthesis System
To obtain the reaction temperature distribution in a high-

throughput manner, we combined a temperature sensor–
equipped f low reactor with a FlowSyn Auto-LF (Uniqsis 
Ltd.) automated synthesis system (Figure 3). This reactor 
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그림2  온도 센서가 장착된 흐름 반응기

T형 열전대 SUS 조인트

믹서
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반응 필드 온도를 제어하기에 충분한 열 교환 특성을 가진 항

온조에 이 반응기를 담갔습니다 (그림 3의 빨간색 프레임). 이 실험

에 사용된 시약을 최소화하기 위해 자동 합성 시스템에 설치된 샘

플 루프 메커니즘과 온도 측정을 위한 GP10 페이퍼리스 레코더 

(Yokogawa 제품)를 활용했습니다.

 

펩타이드 합성에 대한 적용

우리는 각 아미노산에 대한 펩타이드 합성에서 아미드화 반응의 

ΔG‡ 값을 측정했습니다. 아미드화 반응 속도는 상호 반응하는 아

미노산의 유형에 따라 달라지는 것으로 알려져 있습니다. 이 연구에

서, 글리신 (Gly), 페닐알라닌 (Phe), 알라닌 (Ala), Nω- ((2,2,4,6,7-

펜타메틸-2,3-다이하이드로벤조퓨란-5-근)술포닐)-L-아르기닌 

(Arg(Pbf)), 발린 (Val) 및 이소류신 (Ile)에 대한 검증을 수행했습니

다. 특히, Val과 Ile은 부피가 큰 측쇄가 있고 보다 느린 반응 속도를 

나타내는 경향이 있습니다(10)(11). 따라서, 본 섹션에서는 소프트 센서

가 이러한 경향을 캡처하는지 확인한 다음, 반응 조건을 설정하고 마

지막으로 측정한 데이터에서 측정된 ΔG‡ 값을 적용하는 예를 설명

합니다.

반응 조건

펩타이드의 화학적 합성은 일반적으로 응축제가 먼저 카르복실

기(C-말단)를 활성화한 다음, 다른 아미노산의 아미노기 (N-말단)

를 이 활성화 부위와 반응시키는 2단계 반응 방법을 수반합니다. 따

라서, 순수하게 아미드화 반응의 열로 인한 흐름 경로의 온도 증가를 

측정하기 위해 이 두 반응을 분리했습니다. 먼저, 그림 4에 표시된 믹

서 1과 믹서 2 사이의 흐름 경로에서 아민으로 사용된 기질을 응축제

로 충분히 활성화한 후에 믹서 2에 유입시키고 다운스트림 흐름 경로

에서 아미드화 반응을 수행했습니다. 용매로 N, N-디메틸포름아미

드를 선택하고 응축제로 에틸 2-시아노-2-((디메틸미니오)(모르폴

리노)메틸옥시이미노)아세테이트 헥사플루오로인산염 (COMU)을 

선택했습니다. 9-플루오레닐메틸옥시카르보닐 (Fmoc-AA-OH)로 

보호되는 N-말단이 있는 아미노산과 임의의 아미노산을 나타내는 

-AA-가 있는 메틸 에스테르기 (H-AA-OMe)로 보호되는 C-말단

이 있는 아미노산 염산염을 사용했습니다. 반응 온도는 40℃였으며, 

흐름 경로의 네 개 지점에서 반응 온도를 구하기 위해 T형 열전대를 

사용했습니다. 응축제에 의한 Fmoc-AA-OH의 활성화 반응에 의

해 발생된 열이 아미드화 반응에서 얻은 열에 미치는 영향을 제거하

기 위해 열 제거에 충분한 시간을 할애했습니다.

그림 4에 나타낸 바와 같이, 펌프 1은 2.0mL/분의 유속으로 사

전 혼합된 Fmoc-AA-OH (0.26몰/L)와 COMU(0.28몰/L) 용액을 

흐름 경로에 유입시킵니다. 펌프 2는 활성화를 위해 N,N-디이소프

로필에틸아민 (DIEA)(1.33몰/L) 용액으로 준비한 다음, 응축제에 

의한 활성화 반응이 DIEA가 없을 때 진행되지 않는다는 이전 확인

에 따라 1.2mL/분의 유속으로 설정합니다. 활성화 반응은 믹서 1에

서 DIEA 용액과 혼합한 직후에 진행됩니다. 펌프 3은 H-AA-OMe 

용액 (0.2몰/L)과 H-AA-Ome 및 DIEA의 등몰 혼합물을 제공하

여 2.0mL/분의 유속으로 설정했습니다. 믹서 2는 활성화된 Fmoc-

AA-OH와 H-AA-OMe를 혼합하고 아미드화 반응을 진행했습니

다. 반응 시간에 따라 변하는 온도 분포는 아미드화 반응이 발생하는 

흐름 경로에 설치된 열전대 T1-T4를 사용하여 측정했습니다.

아미노산 측쇄 구조와 반응성 사이의 관계 검증 

표 1은 열에 표시된 H-AA-OME와 행에 표시된 Fmoc-AA-

OH가 서로 반응할 때 아미드화 반응의 ΔG‡ 값을 보여줍니다. 

Fmoc-AA-OH의 차이점에 초점을 맞추면 다른 Fmoc-AA-OH

에 비해 부피가 큰 측쇄를 가진 Fmoc-Val-OH 및 Fmoc-Ile-OH

를 사용할 때 ΔG‡ 값이 더 높은 경향이 있음을 확인했습니다. ΔG

‡ 값이 높을수록 아미드화 반응에 더 많은 에너지가 필요하고 반응 

속도가 상대적으로 느리다는 것을 의미합니다. H-Phe-OME의 경

우에 초점을 맞추면, Fmoc-Gly-OH와 Fmoc-Val-OH 사이에서 

5.9kJ/몰의 더 높은 ΔG‡ 값을, Fmoc-Gly-OH와 Fmoc-Ile-OH 

사이에서 8.2kJ/몰의 더 높은 값을 보여줍니다. 반응 속도로 환산하

면, 40℃ 조건 하에서, 이는 각각 10배 및 23배 더 느린 반응 속도에 

해당합니다. 따라서 이러한 결과는 부피가 큰 측쇄가 반응을 늦추는 

경향과 일치합니다.
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was immersed in a constant-temperature bath with sufficient 
heat exchange characteristics to control the reaction field 
temperature (the red frame in Figure 3). We utilized a sample 
loop mechanism installed in the automated synthesis system 
to minimize the reagents used in this experiment, and a GP10 
paperless recorder (Yokogawa Electric Corporation) for 
temperature measurement.

Figure 3  Automatic synthesizer combined with a flow 
reactor with temperature sensors

APPLICATION TO PEPTIDE SYNTHESIS

We measured the ΔG‡ values of amidation reactions in 
peptide synthesis for each amino acid. Amidation reaction 
rates are known to vary depending on the types of inter-
reacting amino acids. In this study, we performed verifications 
for glycine (Gly), phenylalanine (Phe), alanine (Ala), Nω-
((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)-
L-arginine (Arg(Pbf)), valine (Val), and isoleucine (Ile). In 
particular, Val and Ile have bulky side chains and tend to 
have slower reaction rates(10)(11). Therefore, in this section, we 
confirm whether the soft sensor captures these tendencies, 
then illustrate an example of applying the measured ΔG‡ 
values to set the reaction conditions, and finally construct and 
evaluate a ΔG‡ prediction model from the measured data.

Reaction Conditions
The chemical synthesis of peptides commonly involves 

a two-step reaction method in which a condensing agent first 
activates a carboxyl group (C-terminus), and then the amino 
group (N-terminus) of another amino acid is reacted with this 
activated site. Therefore, we separated these two reactions in 
order to measure the temperature increase in the f low path 
purely due to the heat of the amidation reaction. First, in the 
f low path between Mixer 1 and Mixer 2 shown in Figure 
4, the substrate used as the amine was introduced in Mixer 
2 after sufficient activation by the condensing agent, and 
the amidation reaction was carried out in the downstream 
f low path. We selected N,N-dimethylformamide as the 
solvent and ethyl 2-cyano-2-((dimethyliminio)(morpholino)
methyloxyimino)acetate hexaf luorophosphate (COMU) 
as the condensing agent. We used amino acids with the 
N-terminus protected by 9-f luorenylmethyloxycarbonyl 

(Fmoc-AA-OH) and amino acid hydrochloride salts with the 
C-terminus protected by a methyl ester group (H-AA-OMe), 
with -AA- representing an arbitrary amino acid. The reaction 
temperature was 40°C, and we used T-type thermocouples 
to obtain the reaction temperature at four points in the flow 
path. To eliminate the influence of the heat generated by the 
activation reaction of Fmoc-AA-OH by the condensing agent 
on the obtained heat of the amidation reaction, we allowed 
sufficient time for heat removal.

As shown in Figure 4, Pump 1 introduces a solution of 
pre-mixed Fmoc-AA-OH (0.26 mol/L) and COMU (0.28 mol/
L) into the flow path at a f low rate of 2.0 mL/min. Pump 2 
is prepared with a solution of N,N-diisopropylethylamine 
(DIEA) (1.33 mol/L) for activation and then set to a flow rate 
of 1.2 mL/min based on our previous confirmation that the 
activation reaction by the condensing agent does not proceed 
in the absence of DIEA. The activation reaction proceeded 
immediately after being mixed with the DIEA solution at 
Mixer 1. Pump 3 provided a solution of H-AA-OMe (0.2 mol/L) 
and an equimolar mixture of H-AA-OMe and DIEA, set 
to a f low rate of 2.0 mL/min. Mixer 2 mixed the activated 
Fmoc-AA-OH and H-AA-OMe, and the amidation reaction 
proceeded. The temperature distribution, which changes with 
the reaction time, was measured using thermocouples T1 
through T4 installed on the f low path where the amidation 
reaction occurs.

Figure 4  Flow reactor configuration and reaction 
conditions
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Verification of the Relationship between the Amino Acid 
Side Chain Structure and Reactivity

Table 1 shows the ΔG‡ values of the amidation reaction 
when H-AA-OMe shown in the columns and Fmoc-AA-
OH shown in the rows react with each other. Focusing on the 
differences for Fmoc-AA-OH confirms that the ΔG‡ values 
tend to be higher when using Fmoc-Val-OH and Fmoc-Ile-OH, 
which have bulky side chains, as compared with other Fmoc-
AA-OH. A higher ΔG‡ value means the amidation reaction 
requires more energy and that the reaction rate is relatively 
slower. Focusing on the case of H-Phe-OMe shows a higher 
ΔG‡ value of 5.9 kJ/mol between Fmoc-Gly-OH and Fmoc-
Val-OH, and 8.2 kJ/mol between Fmoc-Gly-OH and Fmoc-
Ile-OH. Converting to reaction rates, this corresponds to a 10-
fold and 23-fold slower reaction rate, respectively, under the 
condition of 40°C. Thus, these results are consistent with the 
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was immersed in a constant-temperature bath with sufficient 
heat exchange characteristics to control the reaction field 
temperature (the red frame in Figure 3). We utilized a sample 
loop mechanism installed in the automated synthesis system 
to minimize the reagents used in this experiment, and a GP10 
paperless recorder (Yokogawa Electric Corporation) for 
temperature measurement.

Figure 3  Automatic synthesizer combined with a flow 
reactor with temperature sensors

APPLICATION TO PEPTIDE SYNTHESIS

We measured the ΔG‡ values of amidation reactions in 
peptide synthesis for each amino acid. Amidation reaction 
rates are known to vary depending on the types of inter-
reacting amino acids. In this study, we performed verifications 
for glycine (Gly), phenylalanine (Phe), alanine (Ala), Nω-
((2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-yl)sulfonyl)-
L-arginine (Arg(Pbf)), valine (Val), and isoleucine (Ile). In 
particular, Val and Ile have bulky side chains and tend to 
have slower reaction rates(10)(11). Therefore, in this section, we 
confirm whether the soft sensor captures these tendencies, 
then illustrate an example of applying the measured ΔG‡ 
values to set the reaction conditions, and finally construct and 
evaluate a ΔG‡ prediction model from the measured data.

Reaction Conditions
The chemical synthesis of peptides commonly involves 

a two-step reaction method in which a condensing agent first 
activates a carboxyl group (C-terminus), and then the amino 
group (N-terminus) of another amino acid is reacted with this 
activated site. Therefore, we separated these two reactions in 
order to measure the temperature increase in the f low path 
purely due to the heat of the amidation reaction. First, in the 
f low path between Mixer 1 and Mixer 2 shown in Figure 
4, the substrate used as the amine was introduced in Mixer 
2 after sufficient activation by the condensing agent, and 
the amidation reaction was carried out in the downstream 
f low path. We selected N,N-dimethylformamide as the 
solvent and ethyl 2-cyano-2-((dimethyliminio)(morpholino)
methyloxyimino)acetate hexaf luorophosphate (COMU) 
as the condensing agent. We used amino acids with the 
N-terminus protected by 9-f luorenylmethyloxycarbonyl 

(Fmoc-AA-OH) and amino acid hydrochloride salts with the 
C-terminus protected by a methyl ester group (H-AA-OMe), 
with -AA- representing an arbitrary amino acid. The reaction 
temperature was 40°C, and we used T-type thermocouples 
to obtain the reaction temperature at four points in the flow 
path. To eliminate the influence of the heat generated by the 
activation reaction of Fmoc-AA-OH by the condensing agent 
on the obtained heat of the amidation reaction, we allowed 
sufficient time for heat removal.

As shown in Figure 4, Pump 1 introduces a solution of 
pre-mixed Fmoc-AA-OH (0.26 mol/L) and COMU (0.28 mol/
L) into the flow path at a f low rate of 2.0 mL/min. Pump 2 
is prepared with a solution of N,N-diisopropylethylamine 
(DIEA) (1.33 mol/L) for activation and then set to a flow rate 
of 1.2 mL/min based on our previous confirmation that the 
activation reaction by the condensing agent does not proceed 
in the absence of DIEA. The activation reaction proceeded 
immediately after being mixed with the DIEA solution at 
Mixer 1. Pump 3 provided a solution of H-AA-OMe (0.2 mol/L) 
and an equimolar mixture of H-AA-OMe and DIEA, set 
to a f low rate of 2.0 mL/min. Mixer 2 mixed the activated 
Fmoc-AA-OH and H-AA-OMe, and the amidation reaction 
proceeded. The temperature distribution, which changes with 
the reaction time, was measured using thermocouples T1 
through T4 installed on the f low path where the amidation 
reaction occurs.

Figure 4  Flow reactor configuration and reaction 
conditions
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Verification of the Relationship between the Amino Acid 
Side Chain Structure and Reactivity

Table 1 shows the ΔG‡ values of the amidation reaction 
when H-AA-OMe shown in the columns and Fmoc-AA-
OH shown in the rows react with each other. Focusing on the 
differences for Fmoc-AA-OH confirms that the ΔG‡ values 
tend to be higher when using Fmoc-Val-OH and Fmoc-Ile-OH, 
which have bulky side chains, as compared with other Fmoc-
AA-OH. A higher ΔG‡ value means the amidation reaction 
requires more energy and that the reaction rate is relatively 
slower. Focusing on the case of H-Phe-OMe shows a higher 
ΔG‡ value of 5.9 kJ/mol between Fmoc-Gly-OH and Fmoc-
Val-OH, and 8.2 kJ/mol between Fmoc-Gly-OH and Fmoc-
Ile-OH. Converting to reaction rates, this corresponds to a 10-
fold and 23-fold slower reaction rate, respectively, under the 
condition of 40°C. Thus, these results are consistent with the 

그림3  온도 센서가 장착된 흐름 반응기와 결합된 자동 신시사이저

그림4  흐름 반응기 구성 및 반응 조건
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Val과 Ile을 H-AA-OMe로 사용하면 Gly와 Ala를 사용할 때

보다 ΔG‡ 값이 더 커지고 반응 시간이 느려졌습니다. 마찬가지로, 

Arg(Pbf)와 Phe를 H-AA-OME로 사용하면 ΔG‡ 값이 더 커지고 

반응 시간이 느려졌습니다. 특히, Phe를 H-AA-OME로 사용한 결

과, 사용된 Fmoc-AA-OH에 관계없이 가장 느린 반응 속도를 나타

내는 가장 큰 ΔG‡ 값이 생성되었습니다. 이 결과는 측쇄 벌키성 지

표인 Es 값(12)으로 설명할 수 없었기 때문에 흥미로웠습니다.

표 1 아미드화 반응을 위한 ΔG‡ (kJ/몰)

측정값을 사용한 반응 조건 설정에 대한 적용

다음은 반응 조건 설정을 위한 지수로 측정된 ΔG‡ 값을 활용

하는 예를 보여줍니다. 측정된 ΔG‡ 값은 2차 반응에 대한 값으로 

가정되며, 속도 방정식은 다음과 같이 표현할 수 있습니다:

여기서 [P]는 원하는 제품 P의 몰 농도이고 k는 반응 속도 상수

입니다. 이 방정식은 원하는 반응 시간 내에 반응을 완료하기 위해 반

응 시간과 온도를 설정하는 데 사용할 수 있습니다.

그림 5는 방정식 (3)을 변환하고 [A] = 0.26 몰/L, [B] = 0.20 

몰/L, 그리고 ΔG‡ = 75 kJ/몰 값을 사용하여 생성된 원하는 제품 

수율의 시간 및 온도 의존성을 보여주는 등고선 플롯입니다. 그림에

서 세로축은 온도를 나타내고 가로축은 시간을 나타냅니다. 짙은 보

라색이 더 높은 수율을 나타내는 색상 강도는 수율의 변화를 나타냅

니다. 플롯은 각 온도에서 시간이 지나면서 수율이 어떻게 변하는지

를 보여줍니다. 예를 들어, 실험에 사용된 온도인 40℃에서 반응이 완

료되는 데 필요한 실제 시간은 약 2초라고 쉽게 추정할 수 있습니다 

(그림 5, 녹색 원). 지정된 시간 내에 반응이 완료되도록 반응 속도를 

높이고 싶다면, 충분히 짙은 보라색 영역에 도달하도록 더 높은 온도

를 설정해야 합니다. 예를 들어, 1초 만에 반응을 완료하려면 온도를 

약 60℃로 설정해야 한다고 추정할 수 있습니다 (그림 5, 적색 원). 온

도를 설정할 때, ΔG‡ 값은 온도 의존성이 있다는 점에 유의하십시

오. 상이한 반응 온도에서 반응 속도 상수를 분석하는 아이링 플롯은 

이러한 온도 의존성을 신중하게 고려하는 데 사용할 수 있습니다. 이

러한 분석은 반응 필드 온도를 정밀하게 제어할 수 있는 흐름 반응기

를 결합하는 이 방법을 사용하여 고처리량 방식으로 수행할 수도 있

습니다.

재료 정보학을 사용한 예측

재료 정보학을 적용하여, ΔG‡ 예측 모델을 구축하기 위해 36

가지 조건 하에서 소프트 센서를 사용한 측정을 통해 생성된 ΔG ‡ 

측정 데이터를 사용했습니다. 모델링을 통해 실험을 수행하지 않고도 

각 기질로 아미드화에 필요한 반응 시간을 미리 추정할 수 있습니다. 

이는 반응 타당성에 대한 실질적인 판단을 내리고, 실험적 검증의 우

선순위를 설정하며, 여러 후보 반응 결합이 있을 때 선별할 수 있도록 

합니다

ΔG‡ 예측을 위한 다른 방법은 밀도 범함수 이론 (DFT)에 기

반한 계산과 같은 일차 원리 계산을 사용하는 것이 포함됩니다(13)(14). 

하지만, 관심 반응의 전이 상태 구조를 결정해야 하며, 오늘날의 계산 

능력이 극적으로 개선되더라도 이를 수행하려면 여전히 막대한 계산 

비용이 필요하므로 각 반응 조건에 대한 DFT 계산에 의한 예측이 비

현실적입니다. 용매 효과는 기질과 직접 반응하지는 않지만 ΔG‡ 

값에 영향을 미치는 추가 요인입니다(15). 용매 효과는 분극 가능한 연

속체 모델로서 DFT 계산에 비교적 쉽게 통합되지만, 용매 분자가 더 

직접적으로 작용하는 반응 시스템에서는 결과가 실제와 다를 수 있

습니다. 반면, 소프트 센서를 통해 실제로 측정한 ΔG‡ 값은 이미 반

응 시스템에 존재하는 분자의 영향이 포함되어 있습니다. 이러한 값

으로 구축된 모델은 용매 분자의 영향이 포함되어 실제 측정값에 가

까운 ΔG‡ 값을 예측할 것으로 예상됩니다.

교육 데이터 생성

우리는 Fmoc-AA-OH 및 H-AA-OMe의 구조 정보에서 ΔG‡ 

값을 예측하는 모델을 구축했습니다. 분자 구조를 예측 방정식에 대

입하기 위해, 먼저 문자열로 나타내는 표기법인 SMILES(16)로 분자 구

조를 변환한 다음, RDKit(17)을 사용하여 분자 기술자로 분자 구조를 

숫자로 나타내었습니다 표현했습니다. (그림 6).
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tendency of bulky side chains to slow the reaction.
Using Val and Ile as H-AA-OMe resulted in larger ΔG‡ 

values and slower reaction times than when using Gly and Ala. 
Similarly, using Arg(Pbf) and Phe as H-AA-OMe resulted 
in larger ΔG‡ values and slower reaction times. In particular, 
using Phe as H-AA-OMe resulted in the largest ΔG‡ value 
regardless of the Fmoc-AA-OH used, indicating the slowest 
reaction rate. This result was interesting because it could not 
be explained by the Es value(12), which is an index of side-
chain bulkiness. This confirmed that the soft sensor can 
quantitatively measure the reactivity and capture the subtle 
effects of substrates on the reaction rate.

Table 1  ΔG‡ (kJ/mol) for amidation reactions
H-Phe-OMeH-Arg(Pbf)-

OMeH-Ala-OMeH-Val-OMeH-Ile-OMeH-Gly-OMe

66.266.165.965.765.565.1Fmoc-Gly-OH
67.166.766.066.466.165.4Fmoc-Phe-OH
67.266.765.266.566.365.5Fmoc-Ala-OH
67.867.665.967.066.665.9Fmoc-Arg(Pbf)-OH
72.170.868.670.269.666.0Fmoc-Val-OH
74.472.269.071.470.766.4Fmoc-Ile-OH

Application to Reaction Condition Setting Using Measured 
Values

The following demonstrates an example of utilizing 
measured ΔG‡ values as an index for setting the reaction 
conditions. The measured ΔG‡ values are assumed to be for a 
second-order reaction, and the rate equation can be expressed 
as
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where [P] is the molar concentration of the desired product P 
and k is the reaction rate constant. This equation can be used 
to set the reaction time and the temperature to complete the 
reaction within the desired reaction time.

Figure 5  is a contour plot showing the t ime and 
temperature dependence of the desired product yield 
created by transforming Equation (3) and using the values 
[A] = 0.26 mol/L, [B] = 0.20 mol/L, and ΔG‡ = 75 kJ/mol. 
The vertical axis in the figure represents temperature, and 
the horizontal axis represents time. The color intensity 
indicates change in yield, with darker purple indicating a 
higher yield. The plot shows how the yield changes over time 
at each temperature. For example, we can easily estimate that 
at 40°C, the temperature used in the experiment, the actual 
time required for the reaction to complete is about 2 sec 
(Figure 5, green circle). If one wants to speed up the reaction 
so it completes within a specified time, a higher temperature 
should be set to reach a sufficiently dark purple region. For 
example, to finish the reaction in 1 sec, we can estimate that 
the temperature should be set to about 60°C (Figure 5, red 
circle). When setting the temperature, note that the ΔG‡ value 
has a temperature dependence. An Eyring plot to analyze the 
reaction rate constants at different reaction temperatures can 
be used to carefully consider this temperature dependence. 
Such analyses can also be performed in a high-throughput 
manner by using this method, which combines a flow reactor 
that can precisely control the reaction field temperature.

Figure 5 Contour plot showing time and temperature 
dependence of yields

ΔG‡＝75 kJ/mol

Prediction Using Materials Informatics
Applying mater ials informatics, we used the ΔG ‡ 

measurement data resulting from measurements by the soft 
sensor under 36 conditions to construct a ΔG‡ prediction 
model. Modeling enables us to estimate in advance the 
reaction time required for amidation with each substrate 
without conducting experiments. This in turn enables us 
to make practical judgments on reaction feasibility, to set 
priorities for experimental verification, and to screen when 
there are multiple candidate reaction combinations.

Other methods for predicting ΔG‡ include using first-
principles calculations such as those based on density 
functional theory (DFT)(13)(14). However, it is necessary to 
determine the transition state structure of the reaction of 
interest, and even with today’s dramatic improvements 
in computational power, doing so still requires a huge 
computational cost, making predictions by DFT calculations 
for each reaction condition unrealistic. Solvent effects are 
additional factors that influence the ΔG‡ value, although they 
do not directly react with the substrate(15). Solvent effects 
are relatively easily incorporated in DFT calculations as a 
polarizable continuum model, but in reaction systems where 
solvent molecules act more directly, the results may differ 
from reality. In contrast, ΔG‡ values actually measured by the 
soft sensor already incorporate the inf luence of molecules 
present in the reaction system. Models constructed from these 
values are expected to predict ΔG‡ values that are close to the 
actual measured values, incorporating the influence of solvent 
molecules.

Training Data Creation
We constructed a model to predict ΔG‡ values from the 

structural information of Fmoc-AA-OH and H-AA-OMe. To 
substitute the molecular structure into the prediction equation, 
we numerically expressed it as molecular descriptors, first 
converting the molecular structure into SMILES(16), a notation 
that represents molecular structures as strings, and then into 
molecular descriptors using RDKit(17) (Figure 6).
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tendency of bulky side chains to slow the reaction.
Using Val and Ile as H-AA-OMe resulted in larger ΔG‡ 

values and slower reaction times than when using Gly and Ala. 
Similarly, using Arg(Pbf) and Phe as H-AA-OMe resulted 
in larger ΔG‡ values and slower reaction times. In particular, 
using Phe as H-AA-OMe resulted in the largest ΔG‡ value 
regardless of the Fmoc-AA-OH used, indicating the slowest 
reaction rate. This result was interesting because it could not 
be explained by the Es value(12), which is an index of side-
chain bulkiness. This confirmed that the soft sensor can 
quantitatively measure the reactivity and capture the subtle 
effects of substrates on the reaction rate.

Table 1  ΔG‡ (kJ/mol) for amidation reactions
H-Phe-OMeH-Arg(Pbf)-

OMeH-Ala-OMeH-Val-OMeH-Ile-OMeH-Gly-OMe

66.266.165.965.765.565.1Fmoc-Gly-OH
67.166.766.066.466.165.4Fmoc-Phe-OH
67.266.765.266.566.365.5Fmoc-Ala-OH
67.867.665.967.066.665.9Fmoc-Arg(Pbf)-OH
72.170.868.670.269.666.0Fmoc-Val-OH
74.472.269.071.470.766.4Fmoc-Ile-OH

Application to Reaction Condition Setting Using Measured 
Values

The following demonstrates an example of utilizing 
measured ΔG‡ values as an index for setting the reaction 
conditions. The measured ΔG‡ values are assumed to be for a 
second-order reaction, and the rate equation can be expressed 
as
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where [P] is the molar concentration of the desired product P 
and k is the reaction rate constant. This equation can be used 
to set the reaction time and the temperature to complete the 
reaction within the desired reaction time.

Figure 5  is a contour plot showing the t ime and 
temperature dependence of the desired product yield 
created by transforming Equation (3) and using the values 
[A] = 0.26 mol/L, [B] = 0.20 mol/L, and ΔG‡ = 75 kJ/mol. 
The vertical axis in the figure represents temperature, and 
the horizontal axis represents time. The color intensity 
indicates change in yield, with darker purple indicating a 
higher yield. The plot shows how the yield changes over time 
at each temperature. For example, we can easily estimate that 
at 40°C, the temperature used in the experiment, the actual 
time required for the reaction to complete is about 2 sec 
(Figure 5, green circle). If one wants to speed up the reaction 
so it completes within a specified time, a higher temperature 
should be set to reach a sufficiently dark purple region. For 
example, to finish the reaction in 1 sec, we can estimate that 
the temperature should be set to about 60°C (Figure 5, red 
circle). When setting the temperature, note that the ΔG‡ value 
has a temperature dependence. An Eyring plot to analyze the 
reaction rate constants at different reaction temperatures can 
be used to carefully consider this temperature dependence. 
Such analyses can also be performed in a high-throughput 
manner by using this method, which combines a flow reactor 
that can precisely control the reaction field temperature.

Figure 5 Contour plot showing time and temperature 
dependence of yields

ΔG‡＝75 kJ/mol

Prediction Using Materials Informatics
Applying mater ials informatics, we used the ΔG ‡ 

measurement data resulting from measurements by the soft 
sensor under 36 conditions to construct a ΔG‡ prediction 
model. Modeling enables us to estimate in advance the 
reaction time required for amidation with each substrate 
without conducting experiments. This in turn enables us 
to make practical judgments on reaction feasibility, to set 
priorities for experimental verification, and to screen when 
there are multiple candidate reaction combinations.

Other methods for predicting ΔG‡ include using first-
principles calculations such as those based on density 
functional theory (DFT)(13)(14). However, it is necessary to 
determine the transition state structure of the reaction of 
interest, and even with today’s dramatic improvements 
in computational power, doing so still requires a huge 
computational cost, making predictions by DFT calculations 
for each reaction condition unrealistic. Solvent effects are 
additional factors that influence the ΔG‡ value, although they 
do not directly react with the substrate(15). Solvent effects 
are relatively easily incorporated in DFT calculations as a 
polarizable continuum model, but in reaction systems where 
solvent molecules act more directly, the results may differ 
from reality. In contrast, ΔG‡ values actually measured by the 
soft sensor already incorporate the inf luence of molecules 
present in the reaction system. Models constructed from these 
values are expected to predict ΔG‡ values that are close to the 
actual measured values, incorporating the influence of solvent 
molecules.

Training Data Creation
We constructed a model to predict ΔG‡ values from the 

structural information of Fmoc-AA-OH and H-AA-OMe. To 
substitute the molecular structure into the prediction equation, 
we numerically expressed it as molecular descriptors, first 
converting the molecular structure into SMILES(16), a notation 
that represents molecular structures as strings, and then into 
molecular descriptors using RDKit(17) (Figure 6).
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interest, and even with today’s dramatic improvements 
in computational power, doing so still requires a huge 
computational cost, making predictions by DFT calculations 
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그림5  수율의 시간 및 온도 의존성을 보여주는 등고선 플롯
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객관적 변수로 ΔG‡ 값을, 설명 변수로 Fmoc-AA-OH 및 

H-AA-OMe의 분자 기술자를 사용하여, 모델을 구축하기 위해 가

우시안 프로세스 회귀 (GPR)를 수행했습니다. 그림 7은 모든 데이터

를 교육에 사용할 때 측정된 ΔG‡ 값을 보여주는 가로축과 GPR 모

델의 예측값을 보여주는 세로축으로 결과를 나타냅니다. 결정 계수 

R2 값은 0.945였습니다.

모델의 예측 능력 평가

우리는 ΔG‡ 값에 대한 GPR 모델의 예측 능력을 평가하기 위

해 Leave-One-Out (리브 원 아웃) 교차 검증 (LOOCV) 방법을 사

용했습니다. LOOCV는 데이터에서 하나의 샘플만 테스트 데이터로 

사용하고 나머지는 교육용 데이터로 사용하여 모든 조합에 검증을 

적용합니다. 즉, N개의 데이터가 주어지면 각 데이터 값을 테스트 데

이터로 사용하여 N번 검증이 수행됩니다.

그림 8은 이 평가 방법으로 얻은 모델 결과를 보여줍니다. 결정 

계수 R2 값은 미지의 조건에서도 ΔG‡ 값을 예측할 수 있음을 나

타내는 0.759였습니다.

우리는 측정값과 예측값이 벗어나는 두 지점 (그림 8의 적색 

원)을 고려했으며, 이는 결정 계수를 낮추는 요인입니다. 첫 번째 지

점은 Fmoc-Ile-OH와 H-Phe-OMe의 조합으로, 측정값보다 낮은 

값이 예측되었습니다. 이전 섹션 ("아미노산 측쇄 구조와 반응성 사

이의 관계 검증")에서 언급한 바와 같이, 벌크성은 이를 설명할 수 없

습니다. Phe에 초점을 맞추면, 측쇄에는 페닐기가 있으며, 페닐기의 

전자가 풍부한 π 결합 시스템은 반응성이 낮은 방향으로 약간의 전

자 효과를 발휘했을 수 있습니다. 반면에, 두 번째 지점은 측정값보

다 높은 것으로 추정된 Fmoc-Ile-OH와 H-Gly-OMe의 조합입니

다. 글리에 초점을 맞추면, 측쇄가 없으며 어떤 식으로든 벌크성에 

영향을 받지 않아야 합니다. 따라서, 이 모델링에 '벌크성'을 포함시

키면 벌크성 정도가 극히 작거나 전자 영향이 반응성에 원인이 되는 

시스템에서 예측 결과와 실제 측정이 벗어나는 경향을 초래할 수 있

습니다. 이러한 시스템을 교육용 데이터로 추가하면 모델의 예측 정

확도가 더욱 향상될 수 있습니다.

결론

유동 반응기 내부의 엔탈피로 인한 내부 온도 분포를 측정하여 

반응 속도 지표인 ΔG‡와 반응 엔탈피 (ΔH)를 동시에 측정할 수 

있는 소프트 센서를 개발했습니다. 펩타이드 합성을 예로 들어, 아미

노산 측쇄가 아미드화 반응 속도에 미치는 영향을 측정하기 위해 이 

소프트 센서를 사용했으며, 아미드화 반응의 ΔG‡가 큰 값을 나타

내고 부피가 큰 측쇄를 가진 아미노산을 사용할 때 반응이 더 느려

지는 경향이 있음을 확인했습니다. 재료 정보학을 적용함에 따라, 우

리는 ΔG‡ 값에 대한 예측 모델을 구축하기 위해 측정한 데이터도 

사용했으며, 여기에서 측정한 데이터 세트와 같은 작은 데이터 세트

에서도 미지의 조건에 대한 예측 능력을 가진 모델을 얻을 수 있음

을 보여주었습니다. 이 소프트 센서는 유동 반응기의 온도 변화가 크

고 각종 알려진 물리적 특성 값이 있는 영역의 온도 분포 측정에서만 

ΔG‡ 및 ΔH 값을 측정할 수 있습니다. 따라서 제품 정량화가 필

요하지 않거나 반응이 완료될 때까지 기다리지 않고도 고처리량 측

정을 실현합니다. 데이터 수집은 재료 정보학의 주요 과제 중 하나

로 간주됩니다. 각종 데이터베이스에서 관심 영역의 데이터는 충분

히 사용할 수 없을 수도 있으며, 이를 사용하여 얻은 모델은 정확도

가 충분하지 않을 수도 있습니다. 고처리량의 자체 데이터 수집을 가

능하게 하는 제시된 방법은 재료 정보학의 활용을 가속화할 수 있으

며 모델 예측의 정확도 향상을 위한 솔루션을 제공할 수 있습니다.

이 글은 데이터 수집에서 모델 구축에 이르는 일련의 방법에 대

한 일례를 제시했습니다. 우리는 고객의 연구 개발 노력에서 더욱 효

율성을 실현하기 위해 이 방법을 지속적으로 개발하고 검증할 것입

니다.
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Figure 6 Conversion from molecular structure to 
descriptors

O=C(O)[C@H](C)NC(OC
C1C2=CC=CC=C2C3=CC
=CC=C13)=O

SMILES
conversion

Molecular Structure SMILES format

RDKit
• Number of functional groups
• Number of sub-structures, etc.
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Using the ΔG‡ value as the objective variable and the 
molecular descriptors of Fmoc-AA-OH and H-AA-OMe as 
the explanatory variables, we performed Gaussian process 
regression (GPR) to construct the model. Figure 7 shows the 
results when using all the data for training, with the horizontal 
axis showing the measured ΔG‡ values, and the vertical axis 
showing the GPR model’s predicted values. The coefficient of 
determination R2 value was 0.945.

Figure 7  Predictions of ΔG‡ values when all data are 
trained

Evaluating the Model’s Prediction Ability
We used the leave-one-out cross-validation (LOOCV) 

method to evaluate the GPR model’s prediction ability for 
ΔG‡ values. LOOCV applies validation to all combinations, 
using only one sample from the data as test data and the rest 
as training data. In other words, given N data, validation is 
performed N times with each data value used as test data.

Figure 8 shows the model results obtained by this 
evaluation method. The coefficient of determination R2 value 
was 0.759, indicating that it is possible to predict ΔG‡ values 
even under unknown conditions.

Figure 8  Predictions of ΔG‡ values with the leave-one-
out method

Fmoc-Ile-OH, H-Phe-OMeFmoc-Ile-OH, H-Gly-OMe

We consider two points where the measured and predicted 
values deviate (red circles in Figure 8), which are factors that 
lower the coefficient of determination. The first point is the 
combination of Fmoc-Ile-OH and H-Phe-OMe, where a value 
lower than the measured value was predicted. As mentioned 
in the previous section (“Verification of the Relationship 
bet ween the A mino Acid Side Chain St r uct u re and 
Reactivity”), bulkiness cannot explain this. Focusing on Phe, 
there is a phenyl group in its side chain, and the electron-rich 
π-conjugated system of the phenyl group may have exerted 
some electronic effect in the direction of lowered reactivity. 
In contrast, the second point is the combination of Fmoc-Ile-
OH and H-Gly-OMe, which was estimated to be higher than 
the measured value. Focusing on Gly, there is no side chain 
and should not be affected by bulkiness in any way. Therefore, 
incorporating “bulkiness” into this modeling might result in 
prediction results and actual measurements that tend to deviate 
in systems where the degree of bulkiness is extremely small 
or where electronic influences contribute to reactivity. Adding 
such systems as training data may further improve the model’s 
prediction accuracy.

CONCLUSION

We developed a soft sensor that can simultaneously 
measure ΔG‡, an indicator of reaction rate, and reaction 
enthalpy (ΔH) by measuring internal temperature distributions 
due to enthalpy inside a flow reactor. Taking peptide synthesis 
as an example, we used this soft sensor to measure the effect of 
amino acid side chains on the reaction rate of amidation, and 
we confirmed that the ΔG‡ of the amidation reaction showed 
a large value and the reaction tended to be slower when 
using amino acids with bulky side chains. As an application 
of materials informatics, we also used the measured data to 
construct a prediction model for ΔG‡ values and showed that a 
model with predictive ability for unknown conditions can be 
obtained even from a small dataset such as that measured here.

This soft sensor can measure ΔG‡ and ΔH values only 
from temperature distribution measurements in the region 
where the temperature change in the flow reactor is large and 
there are various known physical property values. Therefore, 
it realizes high-throughput measurement without requiring 
product quantification or waiting until the reaction is complete. 
Data acquisition is considered one of the major challenges 
in materials informatics. In various databases, data in the 
area of interest may not be sufficiently available, and models 
obtained using them may have insufficient accuracy. The 
presented method, which enables high-throughput, in-house 
data acquisition, can accelerate the utilization of materials 
informatics and may provide a solution for improving the 
accuracy of model prediction.

This article presented an example of a series of methods 
from data acquisition to model construction. We will continue 
to develop and verify this method with the aim of realizing 
further efficiency in our customers’ research and development 
efforts.

Simultaneous Characterization of Reaction Kinetics and Enthalpy from Spatially Resolved Temperature Profiles 
 in a Flow Reactor and Its Applications

Yokogawa Technical Report English Edition Vol.66 No.1 (2023) 4343

Figure 6 Conversion from molecular structure to 
descriptors

O=C(O)[C@H](C)NC(OC
C1C2=CC=CC=C2C3=CC
=CC=C13)=O

SMILES
conversion

Molecular Structure SMILES format

RDKit
• Number of functional groups
• Number of sub-structures, etc.

Descriptors

Using the ΔG‡ value as the objective variable and the 
molecular descriptors of Fmoc-AA-OH and H-AA-OMe as 
the explanatory variables, we performed Gaussian process 
regression (GPR) to construct the model. Figure 7 shows the 
results when using all the data for training, with the horizontal 
axis showing the measured ΔG‡ values, and the vertical axis 
showing the GPR model’s predicted values. The coefficient of 
determination R2 value was 0.945.

Figure 7  Predictions of ΔG‡ values when all data are 
trained

Evaluating the Model’s Prediction Ability
We used the leave-one-out cross-validation (LOOCV) 

method to evaluate the GPR model’s prediction ability for 
ΔG‡ values. LOOCV applies validation to all combinations, 
using only one sample from the data as test data and the rest 
as training data. In other words, given N data, validation is 
performed N times with each data value used as test data.

Figure 8 shows the model results obtained by this 
evaluation method. The coefficient of determination R2 value 
was 0.759, indicating that it is possible to predict ΔG‡ values 
even under unknown conditions.

Figure 8  Predictions of ΔG‡ values with the leave-one-
out method

Fmoc-Ile-OH, H-Phe-OMeFmoc-Ile-OH, H-Gly-OMe

We consider two points where the measured and predicted 
values deviate (red circles in Figure 8), which are factors that 
lower the coefficient of determination. The first point is the 
combination of Fmoc-Ile-OH and H-Phe-OMe, where a value 
lower than the measured value was predicted. As mentioned 
in the previous section (“Verification of the Relationship 
bet ween the A mino Acid Side Chain St r uct u re and 
Reactivity”), bulkiness cannot explain this. Focusing on Phe, 
there is a phenyl group in its side chain, and the electron-rich 
π-conjugated system of the phenyl group may have exerted 
some electronic effect in the direction of lowered reactivity. 
In contrast, the second point is the combination of Fmoc-Ile-
OH and H-Gly-OMe, which was estimated to be higher than 
the measured value. Focusing on Gly, there is no side chain 
and should not be affected by bulkiness in any way. Therefore, 
incorporating “bulkiness” into this modeling might result in 
prediction results and actual measurements that tend to deviate 
in systems where the degree of bulkiness is extremely small 
or where electronic influences contribute to reactivity. Adding 
such systems as training data may further improve the model’s 
prediction accuracy.

CONCLUSION

We developed a soft sensor that can simultaneously 
measure ΔG‡, an indicator of reaction rate, and reaction 
enthalpy (ΔH) by measuring internal temperature distributions 
due to enthalpy inside a flow reactor. Taking peptide synthesis 
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amino acid side chains on the reaction rate of amidation, and 
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a large value and the reaction tended to be slower when 
using amino acids with bulky side chains. As an application 
of materials informatics, we also used the measured data to 
construct a prediction model for ΔG‡ values and showed that a 
model with predictive ability for unknown conditions can be 
obtained even from a small dataset such as that measured here.

This soft sensor can measure ΔG‡ and ΔH values only 
from temperature distribution measurements in the region 
where the temperature change in the flow reactor is large and 
there are various known physical property values. Therefore, 
it realizes high-throughput measurement without requiring 
product quantification or waiting until the reaction is complete. 
Data acquisition is considered one of the major challenges 
in materials informatics. In various databases, data in the 
area of interest may not be sufficiently available, and models 
obtained using them may have insufficient accuracy. The 
presented method, which enables high-throughput, in-house 
data acquisition, can accelerate the utilization of materials 
informatics and may provide a solution for improving the 
accuracy of model prediction.

This article presented an example of a series of methods 
from data acquisition to model construction. We will continue 
to develop and verify this method with the aim of realizing 
further efficiency in our customers’ research and development 
efforts.
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Figure 6 Conversion from molecular structure to 
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Molecular Structure SMILES format

RDKit
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Descriptors

Using the ΔG‡ value as the objective variable and the 
molecular descriptors of Fmoc-AA-OH and H-AA-OMe as 
the explanatory variables, we performed Gaussian process 
regression (GPR) to construct the model. Figure 7 shows the 
results when using all the data for training, with the horizontal 
axis showing the measured ΔG‡ values, and the vertical axis 
showing the GPR model’s predicted values. The coefficient of 
determination R2 value was 0.945.

Figure 7  Predictions of ΔG‡ values when all data are 
trained

Evaluating the Model’s Prediction Ability
We used the leave-one-out cross-validation (LOOCV) 

method to evaluate the GPR model’s prediction ability for 
ΔG‡ values. LOOCV applies validation to all combinations, 
using only one sample from the data as test data and the rest 
as training data. In other words, given N data, validation is 
performed N times with each data value used as test data.

Figure 8 shows the model results obtained by this 
evaluation method. The coefficient of determination R2 value 
was 0.759, indicating that it is possible to predict ΔG‡ values 
even under unknown conditions.

Figure 8  Predictions of ΔG‡ values with the leave-one-
out method

Fmoc-Ile-OH, H-Phe-OMeFmoc-Ile-OH, H-Gly-OMe

We consider two points where the measured and predicted 
values deviate (red circles in Figure 8), which are factors that 
lower the coefficient of determination. The first point is the 
combination of Fmoc-Ile-OH and H-Phe-OMe, where a value 
lower than the measured value was predicted. As mentioned 
in the previous section (“Verification of the Relationship 
bet ween the A mino Acid Side Chain St r uct u re and 
Reactivity”), bulkiness cannot explain this. Focusing on Phe, 
there is a phenyl group in its side chain, and the electron-rich 
π-conjugated system of the phenyl group may have exerted 
some electronic effect in the direction of lowered reactivity. 
In contrast, the second point is the combination of Fmoc-Ile-
OH and H-Gly-OMe, which was estimated to be higher than 
the measured value. Focusing on Gly, there is no side chain 
and should not be affected by bulkiness in any way. Therefore, 
incorporating “bulkiness” into this modeling might result in 
prediction results and actual measurements that tend to deviate 
in systems where the degree of bulkiness is extremely small 
or where electronic influences contribute to reactivity. Adding 
such systems as training data may further improve the model’s 
prediction accuracy.

CONCLUSION

We developed a soft sensor that can simultaneously 
measure ΔG‡, an indicator of reaction rate, and reaction 
enthalpy (ΔH) by measuring internal temperature distributions 
due to enthalpy inside a flow reactor. Taking peptide synthesis 
as an example, we used this soft sensor to measure the effect of 
amino acid side chains on the reaction rate of amidation, and 
we confirmed that the ΔG‡ of the amidation reaction showed 
a large value and the reaction tended to be slower when 
using amino acids with bulky side chains. As an application 
of materials informatics, we also used the measured data to 
construct a prediction model for ΔG‡ values and showed that a 
model with predictive ability for unknown conditions can be 
obtained even from a small dataset such as that measured here.

This soft sensor can measure ΔG‡ and ΔH values only 
from temperature distribution measurements in the region 
where the temperature change in the flow reactor is large and 
there are various known physical property values. Therefore, 
it realizes high-throughput measurement without requiring 
product quantification or waiting until the reaction is complete. 
Data acquisition is considered one of the major challenges 
in materials informatics. In various databases, data in the 
area of interest may not be sufficiently available, and models 
obtained using them may have insufficient accuracy. The 
presented method, which enables high-throughput, in-house 
data acquisition, can accelerate the utilization of materials 
informatics and may provide a solution for improving the 
accuracy of model prediction.

This article presented an example of a series of methods 
from data acquisition to model construction. We will continue 
to develop and verify this method with the aim of realizing 
further efficiency in our customers’ research and development 
efforts.

그림6  분자 구조에서 기술자로 변환

그림7  모든 데이터를 학습할 때 ΔG‡ 값의 예측

그림8  Leave-One-Out 방법을 사용한 ΔG‡  값 예
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