Formaldehyde Hydroformylation over a Heterogeneous Catalyst Based on Functionalized Rh-biphosphine Unit: A Combined Experiment and Theoretical Study
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Fig. S1. Mass fraction of P in PNP under different (a) PNP addition amounts and (b) reaction times.
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[bookmark: _Hlk205420067]Fig. S2. Mass spectra of the filtrate after loading rhodium species (a) Rh/PS-SG and (b) Rh/PS-N2.
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[bookmark: _Hlk205420086][bookmark: _Hlk196250860]Fig. S3. XRD patterns of supports and catalysts.
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[bookmark: _Hlk205420096]Fig. S4. Differential thermogravimetric image of SiO2, Cl-SiO2 and PNP-SiO2.
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[bookmark: _Hlk196505838][bookmark: _Hlk205420136]Fig. S5. N 1s XPS of PNP-SiO2, Rh/PS-SG and Rh/PS-N2.
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Fig. S6. Recycling performance of Rh/PS-SG. Reaction condition: [Rh] = 0.8 mmol/L, VDMA = 25 mL, n(FA): n(Rh) = 1200, T = 95 ℃, P = 12 MPa, n(CO): n(H2) = 1; t = 3 h.
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Fig. S7. HRTEM and mapping images of (a)(b) Rh/PS-SG-Used

[bookmark: _Hlk205420154]Table S1. The deconvolution analysis results of Rh 3d XPS profiles of Rh/PS-SG and Rh/PS-N2.
	Catalyst
	Rh+ (%)
	Rh0 (%)

	Rh/PS-SG
	54.9
	45.1

	Rh/PS-N2
	58.1
	41.9



[bookmark: _Hlk205420187]Table S2. The Rh content of Rh/PS-SG and Rh/PS-N2 before and after reaction.
	[bookmark: _Hlk196509451]Catalyst
	aRh (wt%)

	Rh/PS-SG-Fresh
	0.39

	Rh/PS-SG-Used
	0.36

	Rh/PS-N2-Fresh
	0.31

	Rh/PS-N2-Used
	0.16


a Measured by ICP-OES.

Table S3. The catalytic performance in hydroformylation of formaldehyde with different Rh-based solid catalysts.
	Catalyst
	Rh loading (%)
	 (g)
	Conversion of FA (%)
	Selectivity of GA (%)
	[bookmark: _Hlk147788485]TOFGA
[bookmark: _Hlk147886869](h-1)
	Ref.

	aRh/PS-SG
	0.39
	-
	12.5
	88.3
	99.6
	This work

	bRh/Na-Y
	2.91
	0.785
	60.1
	86.6
	40.3
	1

	cRh@N-SiO2
	0.78
	0.785
	33.1
	94.7
	90.8
	2

	dRh@SiO2
	0.59
	0.012
	25.3
	90.8
	183.3
	3


a Reaction condition: 0.50 g catalyst, 0.64 g paraformaldehyde (CH2O)n, 25 mL DMA, P = 8 MPa (CO: H2 = 1:1), T = 110 °C, reaction time = 3 h.
[bookmark: _Hlk147596068][bookmark: _Hlk147596258]b Reaction condition: 1.0 g catalyst, 1.97 g paraformaldehyde (CH2O)n, 25 mL DMA, P = 12 MPa (CO: H2 = 1:1), T = 95 °C, reaction time = 3 h.
c Reaction condition: 1.0 g catalyst, 1.97 g paraformaldehyde (CH2O)n, 25 mL DMA, P = 12 MPa (CO: H2 = 1:1), T = 95 °C, reaction time = 3 h.
[bookmark: _Hlk147653013][bookmark: _Hlk152922564]d Reaction condition: 0.29 g catalyst, 0.60 g paraformaldehyde (CH2O)n, 20 mL acetonitrile, P = 8 MPa (CO: H2 = 1:1), T = 110 °C, reaction time = 3 h.
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Fig. S8. (a) Rh/PS-N2 with one CO coordinated; (b) Rh/PS-N2 with two CO molecules coordinated.

Table S4. Rh-P bond lengths (in Å) in Rh/PS-N2 during sequential CO coordination.
	Structure
	Rh-P1
	Rh-P2
	Rh-P3
	Rh-P4

	Rh/PS-N2
	2.29
	2.29
	2.32
	2.36

	Rh/PS-N2 + 1CO
	2.32
	2.29
	2.36
	4.08

	Rh/PS-N2 + 2CO
	2.45
	2.94
	2.40
	4.74


As shown in Fig. S7, upon binding one CO molecule, the Rh-P4 bond in Rh/PS-N2 significantly elongates to 4.08 Å (Table S3), indicating local structural distortion induced by coordination. When a second CO molecule binds (Fig. S7b), the Rh-P4 bond further breaks up to 4.74 Å, while the Rh-P2 bond markedly extends from 2.29 Å to 2.94 Å. The concurrent weakening of these two Rh-P bonds clearly reveals the stepwise dissociation mechanism of Rh/PS-N2 under multiple coordination stresses.


Reference
1.	Guo, X. et al. Effect of NaY Zeolite at Different Calcination Temperatures on the Activity in Hydroformylation of Formaldehyde. ChemistrySelect 7, (2022).
2.	Chen, J. et al. Promoted Hydroformylation of Formaldehyde By Electronic Metal–Support Interactions in N-Group Functionalized Silica Supported Rhodium Catalyst. Catal. Lett. 151, 3664–3674 (2021).
3.	Yang, Q. et al. Unravelling structure sensitivity in heterogeneous hydroformylation of aldehyde over Rh. Chem. Eng. J. 481, 148529 (2024).

image5.tiff
Intensity (a.u.)

PNP-SiO, 399.8, N1s
|
|
Rh/PS-SG :
Rh/PS-N,
T X T r T
408 404 400 396

Binding Energy (eV)





image6.tiff
Sj (%)

sMeOH

2
Cycle (Times)

k- Xea

14

- 12





image7.tiff




image8.png




image1.tiff
P wt%

0.6 4
<
5
o
0.4
0.4 4
0.2 |
T T T T 0'2 T T T T
0 2 4 6 8 12 24 36 48
PNP Addition (mmol) Time (h)




image2.tiff
0.2+ 0.2
0.1 1 0.1
0.0 ‘J 0.0

16

18 min




image3.tiff
Intensity (a.u.)

Sio,

PNP-SIO,

Rh/PS-SG

Rh/PS-N,

SiO,(PDF#27-0605)

20

30 40
D e et

50

60 70




image4.tiff
100

95 —

Mass loss (%)

85

—sio,
——CI-SiO,
——PNP-SiO,

e

1
200

1 1
400 600 800
Temperature (°C)




