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原位多重光学监测的本体聚合

张瑞庆， 尹 扩， 陈燕杰， 顾 凡， 刘 健， 马 骧
（华东理工大学化学与分子工程学院, 上海 200237）

摘要 光学可视化是一种高灵敏度、 非侵入且简便的原位监测本体聚合过程的方法 . 本文合成了一种基于

9,14-二苯基-9,14-二氢二苯并[a,c]吩嗪（DPAC）的分子, 利用其在不同微环境下独特的激发态构象响应能够监

测体系内的微观动态变化 . 在甲基丙烯酸甲酯（MMA）聚合过程中, 体系从液态单体逐渐转变为固态聚合物 . 
伴随这一过程, DPAC 的荧光从红色转变为蓝色, 反映了局部黏度增加与分子运动受限; 随后, 磷光逐渐增强且

寿命延长, 表明聚合物网络刚性逐步上升 . 通过基于比率荧光与磷光的双通道监测, 该策略实现了本体聚合过

程的可视化追踪 .
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In situ Multiple Optical Monitoring of Bulk Polymerization
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Abstract Optical visualization provides a highly sensitive， non-invasive， and straightforward approach for the in situ 
monitoring of bulk polymerization processes. This paper synthesized a 9，14-diphenyl-9，14-dihydrodibenzo［a，c］
phenazine（DPAC）-based molecule， whose distinct excited-state conformational responses under different micro-      
environments enabled the monitoring of microscopic dynamic changes within the system. During the polymerization of 
methyl methacrylate（MMA）， the system transfer from a liquid monomer to a solid polymer. Accompanying this       
process， the fluorescence of DPAC shifts from red to blue， reflecting the increase in local viscosity and the restriction 
of molecular motion. Subsequently， the gradual enhancement of phosphorescence and the extension of its lifetime     
indicate the rising rigidity of the polymer network. Through dual-channel monitoring based on ratio-metric fluores⁃
cence and phosphorescence， this strategy makes the visual tracking of bulk polymerization feasible.
Keywords In situ monitoring； Bulk polymerization； Vibration-induced emission

1 Introduction
Bulk polymerization， as a classical polymerization technique， is widely utilized in the production of poly⁃

meric materials［1］， such as coatings［2］， sprays［3］， polymer parts manufacturing［4—6］， and 3D printing［7］.  During 
the process， the system undergoes a transition from a liquid monomer to a solid glassy polymer［8］.  Despite its 
broad applicability， monitoring this process remains challenging： sudden acceleration of the reaction， known 
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as the Trommsdorff effect， can occur during bulk polymerization［9］ ， complicating precise and effective        
monitoring with conventional methods.  Polymerization is a dynamic process， and traditional monitoring often 
requires  disruptive sample preparation， which perturbs the system’s dynamic equilibrium and native state［10］.  
Additionally， the continuous change in relative concentrations of monomer and polymer demands real-time，   
in situ， and non-invasive monitoring［8］.  While luminescent systems have shown remarkable potential for       
dynamic visualization due to their optical properties［11—14］， reports on luminescence-based visual monitoring of 
bulk polymerization remain relatively scarce.

The vibration-induced emission（VIE） and phosphorescence of the 9，14-diphenyl-9，14-dihydrodibenzo
［a，c］phenazine（DPAC） allow real-time tracking of the increasing constraint and rigidity in the local environ⁃
ment during polymerization， thereby reflecting changes in molecular weight， backbone architecture， conforma⁃
tion， and aggregation state［15—18］.  The liquid-to-glassy-solid transition in the bulk polymerization of methyl 
methacrylate is identified by the VIE response［19］， whereas the subsequent progressive rigidification of the 
glassy matrix is detected through phosphorescence enhancement.  This combination of ratio-metric fluores⁃
cence and phosphorescence enables visual monitoring across the entire polymerization process（Scheme 1）.

Owing to its distinctive spatial conformation， the DPAC molecule exhibits high sensitivity to micro-        
environmental changes［20—25］.  In solution， upon photoexcitation， the molecule undergoes a conformational   
transition from a twisted ground state to a planar excited state， leading to extended π-conjugation and resulting 
in red fluorescence with a large Stokes shift.  In the aggregated state， physical constraints restrict molecular 
motion， thereby suppressing excited-state planarization and yielding intrinsic blue fluorescence［26—28］.  Further⁃
more， the presence of an ester group promotes efficient intersystem crossing［29］， which generates phosphores⁃
cence emission in rigid environments.  Consequently， this molecule can reflect the microscopic constraints 
within the polymerization system through its double emission modes， enabling visualization of the entire bulk 
polymerization process.
2 Experimental
2.1　Synthesis of DPAC

DPAC was synthesized as a luminescent molecule exhibiting double emission behaviors（Fig.S1， see the 
supporting information of this paper）.  Methyl methacrylate（MMA） was selected as the polymerization monomer.

Scheme 1　Schematic diagram of in situ monitoring MMA polymerization
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By dissolving and doping DPAC into MMA， its emission was directly linked to real-time changes in the          
micro-environment of the polymer system， covering the transition from the liquid to the glassy state.  During 
the polymerization of MMA， the increasing network rigidity progressively alters the local environment around 
the DPAC molecules， leading to a fluorescence wavelength change from 420 nm to 580 nm， followed by the 
gradual emergence of phosphorescence with enhanced intensity and extended lifetime， alongside a concurrent 
decrease in photoactivation.  This approach enables full-process visual monitoring of polymerization through 
the VIE-active molecule.
2.2　Monitoring of the Polymerization Process

Bulk polymerization is a free-radical process in which monomers are polymerized with a small amount of 
initiator［30］； radicals act as the active centers， yielding high-purity products without the need for post-process⁃
ing.  However， the accompanying increase in system viscosity and solid-state glassification make real-time 
monitoring challenging.  Owing to DPAC’s unique butterfly-like conformation， this molecule can adopt either 
twisted or planar configurations in the excited state， exhibiting multi-color fluorescence that reflects its exter⁃
nal environment.  In solution， it displays dual emission at 420 and 580 nm.  The intensity ratio of these two 
emission bands changes as polymerization proceeds， and only the blue emission at 420 nm remains in the 
glassy state.  Inspired by the unique photoluminescent properties of DPAC， 0. 3%（mass fraction） DPAC was 
added into MMA monomer， enabling real-time in situ monitoring of the entire bulk polymerization process of 
MMA.

Polymerization of MMA was selected as a model system for thermally initiated bulk polymerization due to 
its representativeness in free-radical bulk polymerization［31］.  The DPAC molecule was designed and synthe⁃
sized， and its structure was confirmed by ¹H NMR， ¹³C NMR， and electrospray ionization（ESI） high-resolu⁃
tion mass spectrometry（Fig. S2—Fig. S4， see the supporting information of this paper）.  Thermally initiated 
free-radical polymerization was conducted in a 5 mL glass vial containing 2 mL of methyl methacrylate as 
monomer and 0. 5%（mass fraction） azobisisobutyronitrile as initiator.  The mixture was heated at 75 ℃ for     
12 min for thermal activation， followed by isothermal polymerization at 45 ℃.  By using ¹H NMR， conversion 
rates at different polymerization times were calculated by comparing the peak area of the characteristic polymer 
hydrogen（δ = 3. 602） with that of the monomer hydrogen（δ = 3. 75）.  Weight-average molecular weights were 
determined by gel permeation chromatography， confirming the time-dependent nature of the polymerization.
3 Results and Discussion
3.1　Fluorescence Monitoring of Polymerization Processes

The visualization mechanism during the bulk polymerization of MMA was investigated.  Since MMA itself 
serves as a good solvent for the luminescent molecule， DPAC was directly added in the monomer.  The doped 
DPAC exhibited typical dual-wavelength emission， whose intensity changed significantly with the reaction    
process［Fig.1（A）］.  As shown in Figs.1（B） and （F）， corresponding changes were also visually observed in 
the fluorescence photographs of the polymer， which were consistent with our spectroscopic measurements.  
These variations were clearly illustrated by the CIE chromaticity diagram， laying a foundation for the visualiza⁃
tion of the polymerization process.

We further examined the effect of increasing viscosity during polymerization on the fluorescence properties 
of the DPAC unit［Figs.1（A） and （E）， Fig.S5（see the supporting information of this paper）］.  Parallel experiments 
were conducted with polymerization times ranging from 0 to 7 h to control chain length and thus modulate 
chain conformation.  In the MMA monomer， the system is in a solution state.  With the polymerization proceeding， 
the viscosity gradually increases and the system transfer into a glassy state.  This progressively enhances the       
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constraints on the DPAC molecules， affecting their conformation and ultimately leading to changes in fluores⁃
cence behavior.  By normalizing the peak at 420 nm， we obtained the curve of the peak at 580 nm changing 
over time.  Thus， we have developed a ratio metric fluorescent molecule based on these properties for monitoring 
polymerization processes［Fig. 1（C）］.  The color change of this ratio metric fluorescent molecule originates 
from the increasing viscosity as free monomers polymerize into long-chain polymers， which suppresses the     
excited-state planarization process［Fig.1（D）， Fig. S6（see the supporting information of this paper）］.
3.2　Phosphorescence Monitoring of Polymerization Processes

After the polymerization system reached the glassy state at 7 h， the fluorescence emission of the DPAC 
unit no longer showed significant changes.  However， we observed that the polymer system exhibited distinct 
afterglow behavior［Fig.2（A）］， and the afterglow duration gradually lengthened with the progression of poly- 
merization.

Subsequently， we further examined the capability of this molecule for monitoring the glassy-state bulk     
polymerization process.  Parallel experiments were conducted with polymerization times ranging from 7 h to     
14 h.  As polymer chain length increased， the afterglow duration visible in photographs gradually lengthened

［Fig.2（G）］.  Delayed emission spectra confirmed the emergence of phosphorescence around 550 nm， which 
intensified with polymerization progress， while the phosphorescence lifetime increased from the initial 22. 41 

ms to 271. 85 ms， then we fitted curves of lifetime and intensity over time［Figs.2（A） and （B）， Fig S7（see the 

Fig. 1　Fluorescent in situ monitoring of MMA polymerization  
（A） Fluorescence spectra of PMMA during the first 7 h； （B） CIE diagram coordinate shifting as time； （C） normalized curve of 
fluorescence intensity at 580 nm over time； （D） energy landscape of the excited-state conformational transfer of DPAC units to 
emit dual-wavelength fluorescence under different confinement； （E） viscosity of PMMA changes over time； （F） photographs of 
the polymerization process.
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supporting information of this paper）］.  The polymerization of MMA was characterized by GPC and 1H NMR 
spectroscopy［Figs.2（C） and （D）］， and the time⁃dependent monomer conversion was calculated， which con⁃
firm the time-dependent nature of the polymerization［Fig.2（E）］.  Our hypothesis was supported by differential 
scanning calorimetry measurements［Fig. 2（F）］， the glass-transition temperature of PMMA increases from 
56 ℃ to 78 ℃ ， confirming that the enhancement of phosphorescence originates from the increased network      
rigidity of PMMA.
3.3　Photoactivated Monitoring of Polymerization Processes

Upon UV irradiation， the luminescence of the polymer system gradually increased； however， this        
photoactivation effect continuously diminished as polymerization advanced.  Samples with different polymeriza⁃
tion time were selected to characterize the photoactivation behavior.  For the 8 h sample， the phosphorescence 
intensity was only 19 without photoactivation， but increased to 662 after 10 s of UV irradiation， corresponding 

Fig. 2　Phosphorescence in situ monitoring of MMA polymerization
（A） Phosphorescence intensity variation from 5 h to 14 h； （B） lifetime spectra at different times； （C） variation curves of Mw and polymer 
dispersity index（PDI） with time； （D） NMR spectra corresponding to various polymerization times； （E） conversion versus time curve with 
error bars； （F） DSC versus time curves during the polymerization process； （G） afterglow photos during polymerization.
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to a 33-fold enhancement［Fig.3（A1）］.  Parallel experiments on the 10， 12， and 14 h samples revealed that 
the 10 h sample showed a 18-fold increase after 20 s of photoactivation， while the 14 h sample exhibited only a 
1. 3-fold increase after 50 s， indicating a clear decline in photoactivation efficiency， as visually depicted in 
Figs.3（A2）—（A4） and （C）.  Phosphorescence lifetime measurements performed on the four groups showed a 
similar trend.  Taking the 8 h sample as an example， its phosphorescence lifetime increased from an initial 
2. 69 ms to 150. 82 ms after 10 s of photoactivation， representing a 56-fold extension［Figs.3（B1）—（B4） and 

（D）.  As polymerization time increased， the influence of photoactivation on lifetime became less pronounced.

This photoactivation phenomenon arises from residual oxygen trapped within the polymer matrix.  Ground-

state triplet oxygen quenches the phosphorescence of DPAC； under UV light， oxygen is excited to the singlet 
state， thereby suppressing quenching and enhancing phosphorescence emission［Fig.3（E）］.  Advancement of the 
reaction process increases the compactness of the matrix， which impedes oxygen permeation.  Therefore， the 
extent of photoactivation can serve as an indicator for in situ monitoring of MMA bulk polymerization［Fig.3（F）］.  
During the glassy-state polymerization， the oxygen-blocking ability of the polymer progressively improves，     
accompanied by a distinct weakening of photoactivation.
4 Conclusions

By employing an ester-functionalized DPAC molecule in the bulk polymerization of MMA and exploiting 

Fig. 3　Photoactivation in situ monitoring of MMA polymerization 
（A1—A4） Photoactivated phosphorescence spectra at 8 h（A1）， 10 h（A2）， 12 h（A3）， 14 h（A4） of polymerization； （B1—B4） photoactivated 
lifetime spectra at 8 h（B1）， 10 h（B2）， 12 h（B3）， 14 h（B4） of polymerization； （C） phosphorescence intensity change rate versus time 
curves； （D） phosphorescence lifetime change rate versus time curves； （E） diagram of photoactivation mechanism； （F） photographs after 
photoactivation.
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its excited-state conformational dynamics， we achieved in situ monitoring of the entire polymerization process.  
This work effectively combines fluorescence and phosphorescence， utilizing changes in optical behavior to      
reveal intrinsic polymer properties and thereby addressing the challenge of real-time dynamic monitoring in 
bulk polymerization.  The non-invasive and highly sensitive nature of this strategy enables real-time observa⁃
tion of polymerization effects.  It offers a straightforward monitoring approach for the polymerization industry 
and provides a new perspective for the application of optical materials.

The supporting information of this paper see http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20260051.
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