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Project-Based Learning at a National University 
– A Collaboration between English and Engineering Departments – 

 
Wayne MALCOLM*  Christopher HENNESSY**  Yukio AKASHI***  

 Masayuki KAWAI****  Yasuyuki SAKAI**** and  Keigo SUZUKI*** 
 

In this paper, the authors outline the theoretical background for the creation of an 
engineering project-based learning English course, describe the actual content creation and 
implementation of this course from April 2014 to August 2014, and identify positive and 
negative themes analyzed through grounded theoretical coding from students’ feedback, 
which lead to significant alterations of future iterations of the course. The major positive 
themes resulting from this analysis include presentation, knowledge acquisition in other 
fields, design, and research. Negative themes expressed by the students in the first iteration 
of the course include more TOEIC, time-consuming, more English, and burdensome. The 
authors conclude the paper by commenting about ongoing research concerning the 
longitudinal effects on engineering students who participated in an English language project-
based learning class, and ambitions for creating a robust and informed engineering project-
based learning model for English students that can be easily transferred to and utilized in 
other university English programs. 

 
Key Words : Project-Based Learning, ESL, Second Language Acquisition, Engineering, 

Collaborative Learning 
 
1. Introduction 

 
The Ministry of Education, Culture, Sports, 

Science and Technology (MEXT) emphasizes 

project-based learning as a vital element in 

reforming Japan’s education system by 2030. 

The objective is to make Japan a place able to 

thrive in the 21st century (Suzuki, 2015). In 

this reform effort, MEXT highlights critical 

thinking skills as a requirement for success in a 

21st century globalized world. With the 

timeline of 2030, MEXT implies a long-term 

view in reforming education and in preparing 

Japanese society for the future. This 

longitudinal view of reform is the core of the 

current research endeavor that will be 

described in this paper. Within that core is the 

objective of enhancing student critical thinking 

skills. 
 

* Language Center 
**School of Global and Community Studies 

***Architecture and Civil Engineering Course, 
Graduate School of Engineering 
****Mechanical Engineering Course, Graduate 
School of Engineering 

The authors designed a longitudinal research 

study that looks at the effects a project-based 

learning class taught using English has on 

multiple groups of engineering and 

architecture students at a national university in 

Japan. Through this lens, they have set up a 

research structure that follows the students 

who have participated in the project-based 

learning course at the university where they 

teach.  By the end of the research project, three 

separate iterations of the project-based learning 

course will have been taught with a total of 72 

student participants. Moreover, the authors will 

have collected a wealth of qualitative data 

from various sources including open-ended 

questionnaires, professional journals, and 

student and faculty interviews. For the 

purposes of this paper, the authors are focusing 

on giving a brief outline of the initial iteration 

of this course in 2014, student reactions to that 

course, and analysis of those reactions to 

create informed revisions to course structure 

and content.  Data used in this paper was 
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drawn primarily from questionnaires 

completed by the student participants. 

First, the theoretical framework will be 

given to describe the big picture vision of the 

project, and to show what literature the authors 

drew from in order to support and fill their 

knowledge base. After that, the methodology 

will be laid out describing the data gathered 

from a questionnaire completed by the students 

after the conclusion of the first iteration of the 

course in the spring of 2014. This data will be 

analyzed using theoretical coding research 

methods to precisely interpret student feedback. 

This feedback will lead to a final discussion on 

revisions that were implemented for following 

iterations based on the analysis results.  

 

2. Theoretical Framework 
 

Critical thinking as Mergendoller (n.d.) 

defines is “ordinary thinking done well, that is 

reflectively, with attention to criteria, and with 

the goal of making a defensible, reasoned 

judgment” (para. 4). Researchers from the 

University of Louisville (2016) say, “The 

ability to think critically calls for a higher-

order of thinking than simply the ability to 

recall information” (para. 1). Chan and Lau 

(2016) define critical thinking as “the ability to 

think clearly and rationally about what to do or 

what to believe” (para. 1). In another form, 

Paulo Freire’s (1996/1970) concept of 

conscientizacao takes ideas of critical thinking 

to a more activist realm. One has to be 

engaged in his or her environment in a critical 

manner by being literate enough to know what 

messages are being communicated on their 

behalf. This engagement will allow for greater 

social, political and economic empowerment 

thus placing power in the hands of the 

individual. Once people know how to engage 

through being literate they can think critically 

and conscientiously (Freire, 1996/1970). These 

understandings of critical thinking support and 

frame the project-based learning approach 

employed by the university instructors in their 

objective to foster a learning environment 

where critical thinking was a major organic 

compound for the students to develop their 

linguistic as well as scientific abilities. 

As described, critical thinking was central to 

the formation of the class being presented in 

this paper. The class itself is a STEM-based 

project-based learning course, so the 

identification of critical thinking as a key 

building block of the class is natural. Capraro, 

Capraro, and Morgan (2013), who write 

specifically about STEM-based project-based 

learning, asserted that central to project-based 

learning was critical thinking. Mergendoller 

and Larmer (2015) identified eight essential 

elements of project-based learning that 

include: 

1. Challenging problem or question 

2. Sustained inquiry 

3. Authenticity 

4. Student voice and choice 

5. Reflection 

6. Critique and revision 

7. Public product 

8. Key knowledge, understanding, 

and success skills 

When cross-referenced with the theoretical 

definitions and concepts presented earlier, 

unity between critical thinking and project-

based learning is complimentary. The 

following excerpt from Capraro, Capraro, and 

Morgan (2013) highlight the stated 

complimentary aspects of project-based 

learning and critical thinking, 
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Project-Based Learning is…composed 

of several problems students will need 

to solve. It is our belief that PBL 

provides the contextualized, authentic 

experiences necessary for students to 

scaffold learning and build 

meaningfully powerful science, 

technology, engineering, and 

mathematics concepts supported by 

language arts, social studies, and art. 

STEM PBL is both challenging and 

motivating. It requires students to think 

critically and analytically and enhances 

higher-order thinking skills. STEM 

PBL requires collaboration, peer 

communication, problem-solving, and 

self-directed learning while 

incorporating rigor for all students. 

STEM PBL builds on engineering 

design as the cornerstone and as the 

foundation on which students bring 

their compartmentalized knowledge of 

science, technology, and mathematics 

to bear on solving meaningful real-

world problems (p. 2). 

The connection between project-based learning 

and critical thinking is clear. Project-based 

learning could not be what it is without critical 

thinking. 

 

3. The Course 

 

3.1 Inspiration 
The current state of Japan seems to be 

defined by a search for identity, or a 

reaffirmation of a perceived dominance 

painted by astronomic success throughout the 

1980s. Whatever the perception, the actions on 

the ground by governing bodies and socio-

economic and socio-politico organizations 

informs observers that Japan is trying to 

invigorate the populous as a way to deal with 

the very real implications of being a major 

economy in a world defined by globalization. 

This macro-understanding of the world has 

real implications for institutions of higher 

education responsible for educating and 

training the human resources of the future: the 

designers, builders, and leaders of tomorrow.  

Therein lies the simple inspiration for 

creating an English language class utilizing a 

project-based learning pedagogical approach. 

The driving force was to create 

communicatively competent professionals who 

will be able to contribute to Japan as a nation, 

and a member of the world of nations 

(Ravestejin, et al, 2006). Also, this class was 

created based on prevailing actions by 

government ministries like MEXT to create 

funding programs specifically designed to 

allow institutions of higher education to create 

and implement programs that will advance the 

critical thinking skills of the student body, 

while preparing them with practical English 

language skills to do the work of a professional 

in the 21st century. Society is not built upon 

one static force. Be it pure economics, or 

health and welfare, or art, or education, etc. 

Multiple forces push and pull society creating 

the dynamism needed for a successful standard 

of living. University students are being called 

upon by business and society to engage more 

with the world in order to bring the benefits of 

globalization to Japan. Without the ability and 

skill to think critically, Japan could be on the 

negative end of what globalization has to offer. 

Our goal was to make sure the students 

experience a course that prepares them to be 

able to harness the forces within globalization 

and focus the best of those forces into Japan. 
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3.2 Planning 
The development of this project-based 

learning course can be summed-up with two 

words, collaboration and meetings. From 

October 2013, the authors and the director of 

the department where they teach met with a 

group of four engineering teachers with the 

goal of designing projects suitable for second 

year first semester mechanical engineering and 

architecture students. Even before these 

meetings in October of 2013, the director met 

with various administrators to ensure adequate 

class time and financial resources could be 

allocated for a course of this nature. Also, 

department heads in the engineering faculty 

met with the authors and their director to 

determine which engineering teachers wished 

to be a part of this class, which was unique for 

the university.  

By October 2013, the course facilitators of 

the class were known. What was needed was a 

tangible curriculum, and students. All the 

details were worked out over weekly meetings 

between the director and the English and 

engineering faculty and syllabus was 

developed by April 2014. Also, 24 students 

were chosen to be in the class. Twelve 

mechanical engineering majors and twelve 

architecture majors were selected based on the 

highest TOEIC scores within each major. A lot 

of discussion was had regarding how to choose 

the students, and because all engineering 

students were taking the TOEIC regularly, this 

gave the planning group some relatively 

objective way of choosing the most English-

proficient students in terms of ability to read 

and understand technical English. This was not 

a perfect solution, but one the planning group 

thought was the most practical given time and 

resource constraints. When the students were 

selected, a meeting with the selected students 

was scheduled. During this meeting the 

students were informed about the parameters 

of the class in Japanese so they could more 

easily comprehend what was being asked of 

them. The choice to participate in this class 

was 100% voluntary. If a student did not want 

to participate in this course, they had the 

ability to opt not to and instead be placed in 

regular non-PBL English class. There was no 

penalty of any kind for not choosing not to 

participate. In the end, all the students who 

participated in this class volunteered to do so. 

(This has remained the student selection policy 

for all following iterations of this class.)   

 

3.3 Course Objectives 
In designing the objectives that would guide 

the course, looking back to the theoretical 

framework was important. Based on the 

literature the following objectives were 

derived: 

1. To improve engineering English 

skills; 

2. To improve professional 

presentation skills; 

3. To improve collaboration skills; 

and 

4. To improve critical thinking 

skills 

 

As one can see, a main objective was dedicated 

to critical thinking. The rationale being that 

students may not have ever heard of project-

based learning, or know the epistemological 

and ontological roots of the approach. This 

emphasis was also important to make faculty 

and administration aware of this critical 

component of the class. The authors did not 
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know the level of understanding various 

populations at the university brought to the 

development of this class. However, critical 

thinking, as it has been such a catch phrase for 

quite some time, is a more recognizable term, 

in English and Japanese. Finally, making 

critical thinking skills a distinct objective 

allowed the teachers to focus on it immediately 

and without ambiguity. 

 

3.4 The Projects  
The following sections will lay out the 

details of each project as designed by the 

engineering faculty, who were a vital part of 

this class, and the English language instructors. 

These are brief descriptions containing the 

core elements of each project. Throughout all 

projects, engineering faculty who work in 

professional circumstances provided technical 

support to the groups by means of lectures and 

class-to-class feedback concerning the process 

of building the projects. At any given time 

there were at least three faculty members in 

any one class – two English language 

instructors and one engineering instructor. All 

projects were all completed by the first 

iteration class within one semester – April 

2014 to August 2014.  

 

3.4.1 Make a Bridge (Engineering Proctor – 

Keigo Suzuki) 
In teams of four, each team was given 

materials to make a bridge that could carry the 

weight of ten kilograms. All teams were issued 

the same materials – plywood planks and 

beams sufficient to make a miniature bridge. 

Grading criteria included weight – the less the 

finished structure weighed the higher the 

points to be awarded; aesthetics – a judging 

and ranking system was employed to 

determine the best looking bridge by where the 

students chose the top three most aesthetically-

pleasing bridges; and displacement of the 

bridge when holding up to ten kilograms – the 

engineering professor collaborating for this 

project used a laser displacement mechanism 

to determine the structural integrity of the 

bridges by where the bridge that held the 

steadiest and bent the least received the most 

points. 

 

3.4.2 Make a Luminaire (Engineering 

Proctor – Yukio Akashi) 
Again, in teams of four, students were tasked 

with designing and building a lighting fixture – 

a luminaire. With this project each of the teams 

had to buy original materials they had planned 

to use in constructing their luminaires. All 

student expenses were reimbursed through 

department budget allocated for the class. As 

for grading, students were graded on the 

aesthetics of the luminaires. To decide the 

most aesthetically pleasing lighting fixture, a 

judging and ranking system was again 

employed.  

 

3.4.3 Design Eyewear (Engineering Proctors 

– Masayuki Kawai and Yasuyuki Sakai)  
The third project was a little different than 

the bridge and luminaire projects. Students 

were presented with a challenge to design 

eyewear for particular country markets – Italy, 

Germany, Dubai (United Arab Emirates), India, 

Denmark, and the United States. The president 

of a local prominent eyewear production 

company presented this challenge with the 

goal to only design the glasses. For this project 

there would be no physical product made. 

Students designed the glasses based on market 

research, then proposed the idea to the 
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president of the company in a public 

presentation. The president of the company 

selected the best three designs. As this was the 

final project, it was planned to culminate in a 

community-wide public presentation, which 

was open to and attended by the university and 

surrounding community, and covered by local 

and national press.  

Throughout all three projects student teams 

had goals they had to reach, but how they 

traversed the path to achievement of those 

goals depended a lot on team dynamics, 

instructor support, and ability to understand the 

materials provided to them. Each project 

resulted in student teams giving a presentation 

to their classmates and instructors. The final 

presentation was larger and more 

consequential than the final grade. Following 

the success of the graded public presentation, 

the student groups had the opportunity to bring 

their presentation from university grounds to 

an actual local community eyewear event 

where they were able to present their designs 

to real people working in the eyewear field.  

 
4.  Methodology 

 

4.1 Research Methods  
The researchers utilized several methods for 

obtaining and analyzing data. This allowed for 

a better understanding of student needs. They 

could also adjust course content to better align 

with the course objectives listed above. In this 

section, these research methods will be 

outlined. 

 

4.1.1 Triangulation of Data 
The researchers utilized the triangulation 

method of data collection in order to obtain 

and synthesize multiple types of data obtained 

from the course participants (Wolcott, 1994). 

The data collected included: (1) journals and 

(2) questionnaires. While there were only two 

types of data collection tools, they allowed 

students substantive ways to organize and 

express their thoughts.  

All course participants kept journals, what 

the authors called Professional Journals. The 

content of the Professional Journal was a 

freewriting and a project diary worksheet 

(Beckett & Slater, 2005). For freewriting, 

students were required to answer certain 

questions that varied week by week and write 

their thoughts on anything involved with the 

class over the previous week. The project diary 

worksheet has more prescribed sections for the 

participant to write comments about language 

used and skills learned over the previous week. 

Each participant was required to fill this out 

every week and turn into the instructors for 

grading and comments. For the purpose of this 

research paper, the authors will focus on a 

2014 questionnaire which provided course 

participants the opportunity to free write, in 

general, their reactions and feelings to the 

course. The researchers were able to obtain 24 

responses.  

 

5. 2014 Student Questionnaire Analysis 
 

5.1 Theoretical Coding 
The researchers have been utilizing a 

grounded theory method of theoretical coding 

on the data obtained to not only analyze the 

data, but also allow them to “choose or 

construct new data collection methods and 

revise earlier ones” as necessary (Boyatzis, 

1998; Prince et al., 2006; Thornberg et al., 

2014). For this paper, the researchers 

conducted a line-by-line version of initial 
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coding on data gathered from the questionnaire. 

From this, initial coding themes emerged that 

allowed for insight into course improvement 

for the second iteration of the PBL course, as 

described in the next section. 

 

5.1.1 PBL First Iteration – December 2014 

Questionnaire Results 
A total of 24 participants filled out the 

questionnaire in December 2014. In these 

questionnaires, certain themes emerged 

through the initial coding process. The 

researchers have divided themes into positive – 

the participant appears to believe this was a 

positive aspect of the course – or negative – 

the participant appears to believe this was a 

negative aspect of the course. Interpretations of 

whether an item was positive or negative were 

determined by the context of the answer. These 

free-response answers were written in full 

sentences and all were quite clear in context 

during the transition of data to themes during 

the initial coding stage. The specifics are 

indicated in the table below: 
 

Table 1: Theoretical coding themes mentioned 

by three or more participants for December 

2014 Questionnaire (out of 24 respondents) 

 

5.1.2 Discussion of the Results 
Using the results outlined above, it is clear 

the infusion of presentation and specialized 

knowledge elements – specifically engineering 

– into an English class was viewed positively 

by students of the class, with more than half 

the students (14 of 24) recognizing the 

presentation elements and over one-fourth (7 

of 24) recognizing the knowledge acquisition 

elements.  Furthermore, a substantial number 

of students seemed positive on the design and 

research skills gained from participating in 

these projects, with five of 24 – or more than 

20% – referring to each of these themes.  

However, a number of negative themes 

emerged along with positive themes. In 

particular, four negative themes stood out due 

to the number of appearances they made in the 

data – (1) more TOEIC, (2) time-consuming, 

(3) more English, and (4) burdensome. In 

response to this, the researchers made 

amendments to course content, for subsequent 

iterations, in order to achieve more of the 

positive aspects and reduce the negative 

aspects as outlined by course participants.  

 

5.1.3 Changes to Course Based on Results 
A number of revisions were made to the 

course content of subsequent course iterations 

based on the theoretical coding results from the 

December 2014 questionnaire. These changes 

took effect for the second iteration of the 

course, which was conducted from October 

2015 to February 2016. These revisions were 

implemented in order to encourage more of the 

positive themes referred to by participants and 

minimize the negative themes. 

As far as the presentation theme, course 

content was amended to include a two-minute 

 
Initial Coding Theme 

Number of 
participants 

Positive 
(P) / 
Negative 
(N) 

presentation 14 P 
knowledge acquisition 
in other fields 7 P 

more TOEIC 6 N 
design 5 P 
time-consuming 5 N 
research 5 P 
more English 5 N 
burdensome 4 N 
new 3 P 
anxious 3 N 
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presentation (referred to as ‘mini-presentation’ 

in-class) in nearly every project-related class in 

order to build students ability to speak English 

comfortably and professionally in front of an 

audience. The knowledge acquisition in other 

fields, design, and research themes were 

promoted through the use of more group-

oriented critical thinking exercises in English. 

An example would be an activity called 

“Craggy Rock,” in which students work in 

groups to determine which types of bridges 

must be used in certain, predefined scenarios. 

This more effectively ensured their use of 

technical vocabulary in English to solve 

problems. 

A number of revisions were also made to 

address negative themes. The most major 

change was reduction of the number of 

projects designed by students from three to two, 

retaining the bridge project and the luminaire 

project. This revision addressed all negative 

themes – more TOEIC, time-consuming, more 

English, and burdensome – first by freeing up 

10 classes to be specifically targeted for 

TOEIC study. By adding this TOEIC element, 

it can be argued that the more English theme 

was also addressed. It also freed up students’ 

time and lowered the burden on students since 

often project work had to be conducted outside 

of class hours in order to properly build a 

project. This also addressed the time-

consuming and burdensome themes.  

One other major revision was the 

streamlining of the project work for each the 

bridge and luminaire projects. In the case of 

the bridge project, students used styrene 

building materials in lieu of wood, drastically 

reducing the building time for students. In the 

case of the luminaire, students designed and 

built thin plastic or paper slips for cube-shaped, 

prefabricated lamps as opposed to building 

lamps using wood or metals, and designed 

from scratch. Both of these streamlining 

processes were incorporated to address the 

time-consuming and burdensome themes 

expressed by the first iteration participants.  

 

6. Summary 

 
In this paper, the authors outlined the 

theoretical background for the creation of an 

engineering project-based learning English 

course, described the actual content creation 

and implementation of this course from April 

2014 to August 2014, and identified positive 

and negative themes analyzed through 

grounded theoretical coding from students’ 

feedback, which lead to significant alterations 

of future iterations of the course. The major 

positive themes resulting from this analysis 

included presentation, knowledge acquisition 

in other fields, design, and research. These 

themes were encouraged in the second 

iteration of the course through the inclusion of 

mini-presentations in nearly every project-

related class, and through the inclusion of 

critical thinking activities. Negative themes 

expressed by the students in the first iteration 

of the course included more TOEIC, time-

consuming, more English, and burdensome. 

These negative themes were addressed through 

two major changes in course content: (1) the 

reduction of three projects to two projects for 

the semester, and (2) the streamlining of the 

bridge and luminaire projects.   

In future papers, the authors will analyze 

similar qualitative data from following 

iterations of the course – starting with the 

second iteration conducted from October 2015 

to February 2016 – to understand the effects 
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the revisions made to the course. The authors 

will also continue to work on the base research 

project of tracking student participants 

longitudinally in order to understand the 

effects of an English project-based learning 

class on engineering students. They will 

continue the collection of data and analysis of 

the first and second iteration participants, and 

begin the data collection process with third 

iteration participants beginning in October 

2016. Included with the data collection 

methods used to this point, the authors wish to 

begin interviewing students – in focus groups, 

individually, or both – to begin probing deeply 

into the theoretical coding themes that have 

emerged through this research analysis. Finally, 

a driving vision is to create a robust and 

informed engineering project-based learning 

model for English students that can be easily 

transferred to and utilized in other university 

English programs. 
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グリコール酸エステル結合を有したポリテトラメチレングリコールの合成と 

それを用いた分解性ポリウレタン材料の合成と性質 
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Synthesis of Glycolate-Containing Poly(tetramethylene glycol)s and 
Properties of Degradable Polyurethanes Prepared Therefrom 
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Glycolate-containing poly(tetramethylene glycol)s (PTHF-GA-OH) were prepared by the reaction of 

bifunctional living poly(tetrahydrofuran) with lithium bromide followed by the substitution reaction of 
the produced bromide end groups with potassium glycolate. The obtained polyols were reacted with 
4,4’-diphenylmethane diisocyanate and then with 1,4-butanediol to give a polyurethane with degradable 
ester moieties. The treatment of the obtained polyurethane (PTHF-GA-BD-PU) with potassium 
hydroxide in tetrahydrofuran/ethanol (9/1 v/v) solvent in the presence of a small amount of water caused 
hydrolysis reaction of the glycolate ester linkages to give the mixture of PTMG and the urethane 
oligomers. The extraction of PTMG with methylene chloride from the mixture resulted in the recovery of 
PTMG in over 70% yield based on the poly(tetrahydrofuran) segments of PTHF-GA-BD-PU. Enzymatic 
degradation of PTHF-GA-BD-PU was carried out with lipase as a catalyst. The heterogeneous reaction 
with film specimens in water using phosphate buffer solution (pH 7.4) at 37 oC caused the decrease in the 
molecular weight of PTHF-GA-BD-PU. This is probably due to the lipase-catalyzed hydrolysis of the 
glycolate ester groups of PTHF-GA-BD-PU.   

 
Key Words : Ester Bond, Glycolic Acid, Polyol, Polyurethane, Degradable Polymer, Chemical Recycling 

 
 
 
1. 緒 言 
 
 廃棄材料を化学反応により分解して原料や中間体を

再生し，それらを再び材料合成に利用するのがケミカ

ルリサイクルである．高分子のケミカルリサイクルの

克服すべき問題は，これまで製造されてきた一般の汎

用高分子材料はもともと分解するようには設計されて

いないため，化学分解するには高温，高圧といった過 
酷な分解反応条件が必要なことが多く，効率やコスト

面で現実的でないことである．例えば，フォーム材，

ゴム・エラストマー，弾性繊維，樹脂，塗料として幅 
                         
* 大学院工学研究科材料開発工学専攻 
* Materials Science and Engineering Course, Graduate 
School of Engineering 

広く利用されているポリウレタン材料をケミカルリサ 
イクルするため，ウレタン結合を加水分解，アルコー

ル分解，アミン分解し，原料であるポリオールを再生

する試みは以前から活発に研究されている[1]．しかし，

化学的にも熱的にも安定なウレタン結合を分解するに 
は過酷な反応条件が必要で，原料ポリオールと同じポ

リオールを高収率で再生させることはできない．その

ため，ポリウレタンのケミカルリサイクルはほとんど

普及していない． 
 我々は，資源循環型社会に真に対応したリサイクル

を実現するには，分解して原料分子を再生できる結合

部位を分子構造内に組み込んだ高分子を，材料設計の

段階から意識して開発することが重要と考えた[2]．こ

のような高分子材料として，これまでに，酸の作用に

より分解するアセタール結合を分子構造内に導入した

ポリウレタンエラストマーとポリウレタンフォームの
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開発を行った[2] ~ [5]．その性能は従来のポリウレタン材

料とほぼ同じレベルであり，適当な酸強度の酸性水溶

液を作用させると，室温，常圧でアセタール結合が加

水分解し，対応する原料ポリオールがもともと使われ

た重量に対して約 80%の収率で再生されることを明ら

かにした[2] ~ [5]．しかし，この分解可能なポリウレタン

材料は，分解生成物として原料ポリオールとともにア

セトアルデヒドを発生した．アセトアルデヒドは揮発

性有機物質にあたり，例えば自動車の内装や建物の中

で使用されるウレタン材料[6], [7] にとっては危険因子

であると懸念され，現在のところ実用化が見送られて

いる． 
 その点を踏まえ本研究では，分解しても有害物質を

発生しないエステル結合を分解性結合として，サトウ

キビなどの天然物から得られることも知られているグ

リコール酸エステル単位を有する汎用タイプのポリウ

レタン材料を開発することを目的とした．まず，汎用

ポリウレタンエラストマーの最も一般的な原料である，

テトラヒドロフランの開環カチオン重合により得られ

るポリテトラメチレングリコールに，分解性のグリコ

ール酸エステルを導入した新規のポリテトラメチレン

グリコール(PTHF-GA-OH)を合成した．そして，この

ポリオールを原料としてポリウレタン(PTHF-GA-BD- 

PU)を合成し，その物性を検討した．また，ポリテト

ラメチレングリコール鎖長が熱的性質や力学的性質に

及ぼす影響についても検討した．さらに，アルカリ加

水分解とエステル加水分解酵素であるリパーゼによる

生分解を検討した． 
 
2. 実 験 
 
2.1 試 薬 
テトラヒドロフラン(THF；キシダ化学，一級)は，

モレキュラーシーブス 3A 1/16 を加えて一晩予備乾燥

し，水素化リチウムアルミニウム上で 3 時間還流後，

蒸留を行った(bp 66 oC)．以上の操作を 2 回行い，重合

日に同様の操作により 3 回目の蒸留を行い，使用した．

N,N’-ジメチルホルムアミド(DMF；キシダ化学，特級)

は，モレキュラーシーブス 3A 1/16 を加えて一晩予備

乾燥して水素化カルシウム上で 1 回減圧蒸留(70 oC /40 
mmHg)し，褐色アンプルに入れ，使用直前まで冷蔵庫

で保存した．トリフルオロメタンスルホン酸無水物は，

以下のように合成した．アンプルに入ったトリフルオ

ロメタンスルホン酸 25 mL をドライアイスメタノール

で凍らない程度に冷やしておき，これを 100 mL ナス型

フラスコに入れた．かくはんしながらそこに五酸化二

Scheme 1.  Synthesis of glycolate-containing poly(tetramethylene glycol) (PTHF-GA-OH) and polyol precursor (PTHF-Br). 
 

 
Table 1.  Synthesis of Glycolate-containing Poly(tetramethylene glycol)s (PTHF-GA-OH) with Polyol Precursor 
(PTHF-Br) of Different Molecular Weights 
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りん 4 g を加え，さらに 20 分後に 25 g 加えて 90 分放

置した．その後，ミクロの蒸留装置を組み，オイルバ

ス温度 130 oC で生物物の蒸留を行った．その後，同様

な装置を組み，100 mL ナス型フラスコに生成物と少量

の五酸化二リンを加え 2 回目の蒸留を行った．全ての

蒸留物を回収して褐色アンプルに入れ，使用直前まで

冷蔵庫で保存した．ベンゼン(和光，一級)は 2 つ口丸

底フラスコに入れ，水素化カルシウムを少量加え，3
時間還流後，蒸留(bp 78 oC)して使用した．その他の試

薬は市販品をそのまま使用した． 
 
2.2 臭素末端ポリ（THF）（PTHF-Br）の合成 

Scheme 1 に PTHF-Br の合成方法を示す．開始剤にト

リフルオロメタンスルホン酸無水物を用いてTHFを開

環カチオン重合すると，ニ官能性の THF のリビングカ

チオンポリマーを生成する．これに停止剤として，臭

化リチウムを反応させ，臭素末端ポリテトラヒドロフ

ラン(PTHF-Br)の合成を行った． 
三方コックを備え付けた 500 mL ナス型フラスコに

乾燥窒素を吹き込みながらヒートガンによりフラスコ

を外部より熱し(～450 oC)，フラスコ内部を乾燥した．

THF 180 mL(2.22 mol, 反応溶液中 12.17 mol/L)をシリ

ンジで入れ，ドライアイスメタノールバス中に 1 時間

入れて 0 oC にした．その後，トリフルオロメタンスル

ホン酸無水物をシリンジで 2.4 mL(1.46 × 10-2 mol, 反
応溶液中 0.080 mol/L)加えてメタノールバス中で所定

の時間かくはんした．その後反応溶液を，臭化リチウ

ム 63.5 g(0.36 mol; (CF3SO2)2O に対して 25 倍過剰)を

THF(400 mL)に溶かした溶液に注ぎ，重合反応を停止

させた．その後，反応溶液からエバポレーターを用い

て THF を除去し，溶液を濃縮した．その後，その濃縮

したポリマー溶液をイオン交換水(～0 oC)に注いでポ

リマーを沈殿させた． 
 

2.3 グリコール酸エステル単位を有するヒドロキシ

末端ポリ（THF）（PTHF-GA-OH）の合成 
Scheme 1 に PTHF-GA-OH の合成方法を示す．グリコ

ール酸カリウムを合成するため，ナス型フラスコにグ

リコール酸 9.78 g (0.129 mol)と，エタノール 200 mL に

水酸化カリウム 6.02 g (0.107 mol)を溶かした溶液を加

え，かくはんしながら室温で 1 時間反応させた．反応

後，ガラスフィルターを用いたろ過によりグリコール

酸カリウムを回収し，メタノールで洗浄し，未反応の

グリコール酸を除去した後，室温で真空乾燥を行った． 

Scheme 2.  Synthesis of glycolate-containing polyurethanes (PTHF-GA-BD-PU). 
 

 
Table 2.  Synthesis of Glycolate-containing Polyurethanes (PTHF-GA-BD-PU) with Glycolate-containing
Poly(tetramethylene glycol)s (PTHF-GA-OH) of Different Molecular Weight 
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還流冷却管および三方コックを備え付けた 300 mL
の 3 つ口丸底フラスコに，合成した PTHF-Br を入れ，

DMF 200 mL に溶解させた．次いで，合成したグリコ

ール酸カリウムと相間移動触媒として臭化テトラ n-ブ
チルアンモニウムを加え，反応温度 80 oC で 72 時間反

応させた．それぞれの PTHF-GA-OH の合成に用いた

PTHF-Brの分子量および試薬の仕込み量をTable 1にま

とめて示す．その後，反応溶液をろ過し未反応のグリ

コール酸カリウムを除去し，ろ液からエバポレーター

により DMF を除去し，生成ポリマーを室温で真空乾燥

した．さらに，ポリマーを THF 100 mL に溶解させ，

イオン交換水(～0 oC)に注いで再沈殿して精製した．

その後，回収したポリマーを室温で真空乾燥した 
 
2.4 グリコール酸エステル単位を有するポリウレタ

ン（PTHF-GA-BD-PU）の合成 
 Scheme 2 に PTHF-GA-BD-PU の合成方法を示す．還

流冷却管，三方コック，滴下漏斗を備え付けた 4 つ口

セパラブルフラスコに 4,4’-ジフェニルメタンジイソシ

アナート(MDI)を入れて乾燥窒素雰囲気下にした．そ

こへ，滴下漏斗を用いて PTHF-GA-OH をゆっくり滴

下し，80 oC で 7~8 時間反応させイソシアナート末端プ

レポリマーを合成した．次に，反応系中に存在するイ

ソシアナート基をアミン当量法により定量し，加える

鎖延長剤である 1,4-ブタンジオール(BD)の量を正確に

決定した．それぞれの PTHF-GA-BD-PU の合成に用い

た PTHF-GA-OH の分子量と試薬の仕込み量を Table 2
にまとめて示す．原則的な仕込みモル比は，ポリオー

ル : MDI : BD = 1 : 2 : 1 である．また，イソシアナート

基の定量では，イソシアナート基の量が半分以下にな

っていないとき，ポリオールと MDI の反応を続け，再

度，イソシアナート基の定量を行った．その後，残存

するイソシアナート基と当量のヒドロキシ基量に対応

する BD を 0.5 時間ごとに全量を 3 回に分けて加えた．

この時，反応が進行するに伴い，粘度が上昇するため，

DMF により希釈しながらかくはんした．BD をすべて

加え終わってから 9 時間反応させた．反応終了後，大

量のメタノールに生成物を沈殿させ，メタノールで洗

浄した後，真空乾燥させた．生成したポリマーをさら

に精製するため，その THF 溶液をメタノールに投入し

て再沈殿を行い，室温で真空乾燥した． 
 
2.5 グリコール酸エステル単位を有するポリウレタ

ン（PTHF-GA-BD-PU）のアルカリ加水分解 
 Scheme 3 に PTHF-GA-BD-PU のアルカリ加水分解反

応式を示す．ナス型フラスコにポリウレタンを約 0.4 g
を入れTHF 9.0 mLを加え溶解させた．次いで，0.5 mol/L
エタノール性水酸化カリウム溶液 1.0 mL (5.0 × 10-4 

mol)を加えた後，イオン交換水 0.1 mL(5.6 × 10-3 mol)
を加え，室温にて 24 時間かくはんしながら反応させた．

その後，エバポレーターを用いて溶媒を除去し，生成

物を室温で真空乾燥した．そして，その回収した分解

生成物混合物から，塩化メチレンを溶媒として原料ポ

リオールに相当するポリテトラメチレングリコール

(PTMG)を抽出して回収した． 
 
2.6 グリコール酸エステル単位を有するポリウレタ

ン（PTHF-GA-BD-PU）の酵素による加水分解 
 酵素による加水分解反応は，緩衝溶液(りん酸緩衝溶

液 pH 7.4)中の水系不均一反応により行った．試験管に

ポリウレタンを約 40 mg 入れ，緩衝溶液 5 mL と

Phycomyces nitens 由来 Lipase(活性： 100 ~ 200 
unit/mg；和光，生化学用)30 mg を加えた．このとき，

酵素は溶解しているが，ポリウレタンはフィルム状で

浮遊していた．この不均一溶液を 37 oC でかくはんし

た．所定時間経過後，ポリマーフィルムを反応溶液か

ら取り出し，イオン交換水で十分に洗浄した後，室温

で真空乾燥した．フィルムを取り出した後の反応溶液

は，エバポレーターを用いて水を除去した後，室温で

真空乾燥を行った．その後 THF に溶解させ，ろ過によ

り不溶な塩を除去した．そのろ液からエバポレーター

を用いて THF を除去した後，室温で真空乾燥を行い，

反応水溶液中に存在していたかもしれない分解生成物

を回収した．回収したフィルムと反応溶液からの抽出

物を一つにまとめて分析に供した． 
 
2.7 測 定 
 ポリマーの分子量分布は，ゲルパーミエーションク

ロマトグラフィー(GPC)を用いて測定し，標準ポリス

チレン(分子量：8420000，775000，186000，50000，16700，
2800)により作成した検量線を基に数平均分子量(Mn)

と重量平均分子量(Mw)と多分散度(Mw/Mn)をポリスチ

レン換算で求めた．GPC 本体に島津製作所製 LC-10AD，

示差屈折計(RI)に島津製作所製 RID-6A，プレカラムに

昭和電工製 Shodex A-800P，カラムに昭和電工製 Shodex 
A-80M を 2 本，Shodex KF-802.5 を 1 本，直列に接続し

て使用した．カラム温度は室温，溶媒に THF を用い，

流速 1.0 mL/min で測定した．核磁気共鳴スペクトルは，

核磁気共鳴測定装置に日本電子製 LA-300 FT-NMR ス

ペクトロメーターおよび JNM-ECX500 FT-NMRスペク

トロメーターを使用し，溶媒にメタノール-d4，クロロ

ホルム-d，重水，内部標準にテトラメチルシランを用

いて，室温で測定した．ヒドロキシ末端ポリマーのヒ

ドロキシ基含量は，アセチル化法[8] によって求めた．

ヒドロキシ末端ポリマー0.3 g を100 mL のナス型フラ

スコに取り，そこにアセチル化試薬(無水酢酸 1.5 mL
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をピリジン 48.5 mL に溶解させた溶液)を 5.0 mL，ホ

ールピペットを用いて正確に加えて，還流管を備え付

け，オイルバスで約 100 oC，1 時間反応させ，室温に

冷ましてからイオン交換水を還流冷却管の上から 15 
mL 加えて未反応の無水酢酸を完全に酢酸にした．こ

の反応溶液に指示薬 0.1 wt% エタノール性フェノール

フタレイン溶液を数滴加え，マグネットスターラーで

かくはんしながらビュレットを用いて 0.05 mol/L エタ

ノール性水酸化カリウム溶液により滴定した．同様に

ブランク試験も行い，両者の滴定値の差よりそのポリ

マーのヒドロキシ基含量を求めた． 
 アミン当量法によるイソシアナート基の定量は，以

下のように行った．まず，塩酸エタノール溶液(塩酸 2 
mL エタノール 200 mL をメスシリンダーで調製)を，

ビュレットを用いて 0.05 mol/L 水酸化カリウムエタノ

ール溶液で滴定を行い，その濃度を求めた．また，ジ

ブチルアミンベンゼン溶液は 200 mL のメスフラスコ

にジブチルアミン 2.6 g を加えて，ベンゼンを用いて

調製した．イソシアナート末端プレポリマーを約 0.2 g 

をナス型フラスコに取り出し，ジブチルアミンベンゼ

ン溶液をホールピペットで 10 mL を加え，その溶液を

60 oC で 30 分間温め，室温まで冷却した後，指示薬 BPB
を一滴加えて，ビュレットを用いて塩酸エタノール溶

液で滴定した．また，ブランク試験も行い，両者の滴

定値の差を基にイソシアナート基を定量した．ポリマ

ーのガラス転移温度は示差走査熱量測定(DSC)によっ

て求めた．本体にはリガク製 Thermo Plus DSC 8230L
を使用し，標準サンプルにはアルミナを入れたアルミ

パンを用い，測定温度変化を昇温速度温度 5 oC /min に
設定し，窒素雰囲気で測定した．ポリマーの熱分解温

度は，熱重量分析(TG-DTA)によって求めた．本体には

リガク製 TG-DTA8078G1 を使用し，標準サンプルには

プラチナパンに入ったアルミナを用い、窒素雰囲気下

で測定した．室温から 650 oC までの温度範囲で昇温温

度 10 oC /min の条件で測定した．熱分解温度(Td)は，

サンプルの 5%重量減少時の温度とした．引張試験は，

テンシロン UMT-III-100S 型引張試験機を用い，試験片

は幅 5 mm，長さ 20 mm，厚さ 0.7～0.8 mm のものを使

用し，引張速度 10 mm/min，室温(25 oC)で，100%伸

張時の弾性率(M100)，引張強度(TB)，破断時の伸び(EB)

を測定した．動的粘弾性試験(DMA)は，本体に UBM 

Rheogel-4000 を用い，試験片は幅 5 mm，長さ 10 mm，

厚さ 0.8 ~ 1.0 mm のものを使用し，周波数 1.0 Hz，昇温

速度 2 oC /mm，温度範囲 -120～150 oC で，貯蔵弾性率

(E’)と損失正接(tan δ)の温度依存性を測定した． 
 
3. 結果と考察 

Table 3.  Characterization of Glycolate-containing Poly(tetramethylene glycol) (PTHF-GA-OH) and Polyol Precursor
(PTHF-Br) 

 
Table 4.  Characterization of Glycolate-containing
Polyurethanes (PTHF-GA-BD-PU) 
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3.1 ポリオール（PTHF-GA-OH）及びポリウレタン

（PTHF-GA-BD-PU）の合成 
 Table 3 に得られた PTHF-Br と PTHF-GA-OH のキャ

ラクタリゼーションの結果を示す．PTHF-Br において
1H NMR のプロトンピーク強度比より求めた分子量は，

本重合系の開始剤効率[9] を考慮した計算値とほぼ一

致した．また，PTHF-GA-OH において 1H NMR スペク

トルにおけるエステル結合に由来するプロトンピーク

を基に求めた分子量と，アセチル化法による滴定より

求めた末端 OH 基含量分析に基づく分子量を比較した.
その値はおよそ一致した．また，これらの末端基分析

により求められた分子量と本重合系の開始剤効率を考

慮して求められた重合度より計算された理論分子量が，

末端基分析の精度が低下する高分子量体サンプル

[PTHF-GA-OH(7510)]を除いてほぼ一致した．これらの

ポリオールを過剰の 4,4’-ジフェニルメタンジイソシア

ナートと反応させプレポリマーを合成し，次いで，1,4-
ブタンジオールにより鎖延長することでポリウレタン

を合成した．得られたポリウレタンの数平均分子量を

Table 4 に示す。その値は，約 2 万～3 万であった． 
 
3.2 ポリウレタン（PTHF-GA-BD-PU）の溶解性 
合成したポリウレタンの溶媒への溶解性を Table 5

に示す．代表サンプルとして PTHF(3140)-GA- 

 
Table 5.  Properties of Glycolate-containing Polyurethane (PTHF-GA-BD-PU) 

Figure 1.  DSC thermograms of the polyols (PTHF-GA- 
OH) and the polyurethanes (PTHF-GA-BD-PU) on second
heating scan. 

Figure 2.  Tensile stress-strain curves of PTHF(2800)-GA- 
BD-PU and PTHF(3140)-GA-BD-PU. 
 

Figure 3.  Temperature dependent of (A) E’ and (B) tan δ
for PTHF(2800)-GA-BD-PU and PTHF(3140)-GA-BD-PU. 
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BD-PU を用い，1 wt/vol%の濃度で，室温にて溶解試験

を行った．PTHF(3140)-GA-BD-PU はクロロホルム，酢

酸エチル，塩化メチレン，THF，DMF に可溶であった． 
 

3.3 ポリウレタン（PTHF-GA-BD-PU）の熱的性質 
 Figure 1 に分子量 2800 ~ 7510 の分子量を持った

PTHF-GA-OH とそれぞれの PTHF-GA-OH をソフトセ

グメントとして有する各ポリウレタンの DSC による

第 2 昇温過程のサーモグラムを示す．PTHF-GA-OH の

基本構造である PTMG は結晶性なので，分子量 2800 ~ 
7510 のいずれのポリマーでも結晶の融解に由来する吸

熱のピークが観測された．一方，これらのポリオール

を用いて合成されたポリウレタンでは，PTHF(2800)- 
GA-BD-PU は-63 oC，PTHF(3140)-GA-BD-PU は-66 oC，
PTHF(7510) -GA-BD-PU は-71 oC で Tgが観測され，ソ

フトセグメントの分子量が増加すると，Tg が低くなる

傾向を示した．これは，ソフトセグメント鎖長が長い

方がウレタン結合単位の凝集により形成されるハード

セグメントドメインの束縛を受けにくくなり，ガラス

転位温度が低くなったと考えられる．また，ソフトセ

グメントの分子量が 2800 と 3140 を有するポリウレタ

ンでは，再配列による結晶化とその融解に由来する発

熱と吸熱のピークが観測された．また，ソフトセグメ

ントの分子量が 7510 のポリウレタンにおいても，ソフ

トセグメント鎖の結晶の融解のピークが観測された． 
 また，Table 6 にそれぞれのポリウレタンの 5%重量

損失温度(Td)を示す．それぞれの Tdは PTHF(2800)-GA- 

BD-PU は 327 oC，PTHF(3140)-GA-BD-PU は 332 oC，
PTHF(7510)-GA-BD-PU は 346 oC であった．このよう

に，合成されたポリウレタンの Tdはいずれも 330 ℃前

後であり，熱的に安定であることがわかった． 
 
3.4 ポリウレタン（PTHF-GA-BD-PU）の力学的性質 
 Figure 2 に PTHF-GA-BD-PU の引張試験の結果を示

す．PTHF(2800)-GA-BD-PU は 100%伸張時の弾性率 
(M100)は 0.738 MPa，破断時の強度(TB) は 1.38 MPa，
破断時の伸び(EB)は 446 %であった．PTHF(3140)-GA- 
BD-PU は 100%伸張時の弾性率(M100)は 0.276 MPa，破

断時の強度(TB)は 1.38 MPa，破断時の伸び(EB)は 675%
であった．PTHF(7510)-GA-BD-PU はアニーリング操作

後において膜の形状を維持できないほど軟化してしま

ったため測定はできなかった．この図から PTHF-GA- 
BD-PU はソフトセグメント鎖長が長くなるに従い，弾

性率が減少する傾向を示した．次に，Figure 3 に

PTHF-GA-BD-PU の動的粘弾性試験による貯蔵弾性率

(E’) と損失正接 (tanδ) の温度依存性を示す．

PTHF(2800)-GA-BD-PU では 18 oC 付近でポリ(THF)ソ
フトセグメントの結晶の融解による急激な貯蔵弾性率

の減少が見られ，24 oC ~ 64 oC 付近までゴム平坦領域

を示した．PTHF(3140)-GA-BD-PU は 16 oC 付近でポリ

(THF)ソフトセグメントの結晶の融解による急激な貯

蔵弾性率の減少が見られ，22 oC ~ 76 oC 付近までゴム

平坦領域を示した．また，それぞれの PTHF-GA-BD-PU
におけるポリ(THF)ソフトセグメントの結晶の融解に

Table 6.  Propeties of Glycolate-containing Polyurethanes (PTHF-GA-BD-PU) 

Scheme 3.  Alkaline hydrolysis reaction of polyurethanes (PTHF-GA-BD-PU). 
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よる急激な貯蔵弾性率の減少の温度領域は，Table 6 に

示す DSC により測定された融点とおおよそ一致した． 
 
3.5 ポリウレタン（PTHF-GA-BD-PU）のアルカリ加

水分解性 
 PTHF-GA-BD-PUを室温にてTHF/エタノール混合溶

液中(9/1 v/v)，水の存在下で水酸化カリウムを 24 時間

作用させた．Figure 4 にそれぞれの PTHF-GA-OH(A)，
PTHF-GA-BD-PU(B)，そして PTHF-GA-BD-PU 分解  
の分解生成物の塩化メチレン可溶部(C)の GPC により

測定した分子量分布曲線を示す．Figure 4 の GPC カー

ブに示すように，塩化メチレン可溶部にはポリ(THF)
のみが 70%以上という高収率で回収された．Figure 5
にそれぞれの塩化メチレン可溶部の 1H NMR スペクト

ルを示す．いずれの分子量の抽出物においてもポリテ

トラメチレングリコールの特徴的な 3.64 ppmのピーク

a が観測された．また，その他の構造由来のピークが観

測されたことから，グリコール酸エステル結合を有す

るポリウレタンのエステル結合部位が加水分解し，ポ

リウレタンの原料ポリオールとなるポリテトラメチレ

ングリコールが分離，回収できたと考えられる． 
 
3.6 ポリウレタン（PTHF-GA-BD-PU）の酵素による

加水分解性 
 ポリウレタン PTHF-GA-BD-PU の酵素分解挙動の検

討を行った．Figure 6 (A)に緩衝溶液中で処理した生成

物の GPC により測定した分子量分布曲線を示す．代表

試料として PTHF(3140)-GA-BD-PU を用いた．この図

より，PTHF-GA-BD-PU は反応時間が経過するにつれ

て分子量の減少が見られ，わずかに加水分解反応が進

行していることがわかった．また，Figure 6(B) に緩衝

溶液中において酵素を作用させた生成物の GPC によ

り測定した分子量分布曲線を示す．この図より，

PTHF-GA-BD-PU は反応時間が増加するに従い，高分

子量部の流出位置が低分子量領域にシフトしており，

Figure 4.  GPC curves of (A) Glycolate-containing poly(tetramethylene glycol)s (PTHF-GA-OH), (B) glycolate-containing 
polyurethanes (PTHF-GA-BD-PU), and (C) CH2Cl2-soluble part of the degradation products.: the degradation reaction was 
carried out by hydrolysis with 0.05 mol/L-KOH in ethanol/THF (1/9 v/v) solvent at room temperature for 24h. 
 

Figure 5.  1H NMR spectrum of (A) PTHF-OH, (B) the
dichloromethane-soluble part of the degradation products of
PTHF(2800)-GA-BD-PU, (C) the dichloromethane-soluble
part of the degradation products of PTHF(3140)-GA-BD- 
PU, (D) the dichloromethane-soluble part of the degradation
products of PTHF(7510)-GA-BD-PU in CDCl3 
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分子量が減少していることがわかる．このことより，

PTHF-GA-BD-PU は酵素によるエステル結合部位の加

水分解反応が進行することがわかった．比較のため，

Figure 7 に同条件下におけるリシノレイン酸エステル

結合を有するポリウレタン(PTHF-RA-BD-PU[10])の酵

素分解挙動を，Figure 8 にエステル結合を有していない

ポリウレタン(PTHF-BD-PU)の酵素分解挙動を示す．

PTHF-RA-BD-PU は PTHF-GA-BD-PU と同様に反応時

間が増加するに従い，分子量が減少していることがわ

かる．一方，PTHF-BD-PU においては酵素の有無にか

かわらず分子量分布の大きな変化は見られなかった． 
Table 7 にこれらの酵素分解の結果をまとめて示す．ま

た，各条件における分解反応において，分子量の減少

率(Mn,d)を求めた．この減少率は，反応前のポリウレタ

ンの数平均分子量に対する，分解反応による数平均分

子量の減少量の割合より計算された値である．

PTHF-GA-BD-PU における Mn,dは，90 日で 30.6%であ

った．一方で，PTHF-RA-BD-PU における Mn,d は，60
日で 30.4%であった．このことより，グリコール酸エ

ステル結合を有するポリウレタンは，リシノレイン酸

Figure 6.  Change in molecular weight distribution curves of the PTHF-GA-BD-PU measured by GPC; the degradation
reactions were carried out in heterogeneous system using film specimens (10 mm x 10 mm; 1 mm thickness) with lipase
(source : Phycomyces nitens) in phosphate buffer aqueous solution (pH 7.4) at 37 oC. 
 

Figure7.  Change in molecular weight distribution curves of the PTHF-RA-BD-PU measured by GPC; the degradation
reactions were carried out in heterogeneous system using film specimens (10 mm x 10 mm; 1 mm thickness) with lipase
(source : Phycomyces nitens) in phosphate buffer aqueous solution (pH 7.4) at 37 oC. 

19



エステル結合を有するものよりも酵素による加水分解

反応が遅く進行することがわかった． 
 
4. 結 論 

 
 汎用ポリウレタンゴム・弾性繊維の原料ポリオール

として広く利用されているポリテトラメチレングリコ

ールの分子中にグリコール酸エステルを導入した新規

ポリオールを合成し，得られたポリオールを用いて，

分子中に周期的に分解性のエステル結合を有するポリ

ウレタンを合成した．分解性エステル結合を有する新

規ポリウレタンは高い熱的安定性を有することがわか

った． 
 アルカリの作用による加水分解反応条件においてポ

リウレタン分子中のエステル結合が分解し，分解生成

物から原料であるポリテトラメチレングリコールを高

収率で回収することができた．したがって，

PTHF-GA-BD-PU はケミカルリサイクルが可能なポリ

Figure 8.  Change in molecular weight distribution curves of the PTHF-BD-PU measured by GPC; the degradation reactions
were carried out in heterogeneous system using film specimens (10 mm x 10 mm; 1 mm thickness) with lipase (source :
Phycomyces nitens) in phosphate buffer aqueous solution (pH 7.4) at 37 oC. 
 

 
Table 7.  Degradation of PTHF-GA-BD-PU, PTHF-RA-BD-PU, and PTHF-BD-PU: Change in Number-Average Molecular 
Weight (Mn),  Polydispersity (Mw/Mn) and Decreasing ratio of Mn (Mn, d) 
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ウレタン材料として期待される．また，水中でリパー

ゼ酵素を作用させると，分解反応が進行することがわ

かった．この分解反応の進行はエステル結合を持たな

い従来のポリウレタンでは見られない挙動であること

から，酵素の作用によりエステル結合部位のみが分解

していると考えられる．また，PTHF-GA-BD-PU は，

PTHF-RA-BD-PU と比較すると酵素による加水分解反

応が遅く進行することがわかった． 
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 http://ci.nii.ac.jp/vol_issue/nels/AA12208150_jp.html 
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