[bookmark: _obw5k3nrx0iu][bookmark: _Hlk39049879]Using the Greener Alternatives Evaluation Matrix (DOZN™ 2.0) in Academic Settings for Safer Labs
[bookmark: _kmaxg9x6cav3]Description
This resource is for academics who want to utilize DOZN™ 2.0 in classroom and research settings. It contains an overview of DOZN™ 2.0, specific rules for utilizing the tool in academic settings, gives a template worksheet for students and select reactions with DOZN™ 2.0 scoring to serve as introductory examples. 

After utilizing this activity instructors and students will understand how DOZN™ 2.0 functions in both industry and academic settings and the power it has for quantitatively identifying greener alternatives for chemical production. 

Prerequisites:   
· Understanding of chemical synthesis (organic or advanced general chemistry) 
· Understanding of what an SDS is and the 16 categories. We recommend reviewing the American Chemical Society Safety Basics & RAMP website or providing it as a resource.  
[bookmark: _rno6fb87gw3q]Background 
[bookmark: _qrjd3uyrz1dl]Real-World Context
We all want to make greener choices but how can we be sure it is a greener choice? Metrics! Milliporesigma has created a Quantitative Green Chemistry Evaluator, simply referred to as DOZN™ 2.0 as it enables consistent evaluation of different products and processes against the 12 Principles of Green Chemistry. The quantitative approach allows for clarifying what is “greener” about a greener product or process. To evaluate the products and processes using DOZN™ 2.0, the 12 Principles of Green Chemistry into three major groups: improved resource use, increased energy efficiency, and reduced human and environmental hazards. Below is a table which shows the grouping of the Principles. An aggregate score is then calculated on a scale of 0-100, 0 being the most desired. 

	Improved Resource Use
	Increased Energy Efficiency
	Reduced Human and Environmental Hazards

	Principle 1: Waste prevention
	Principle 6: Design for energy efficiency
	Principle 3: Less hazardous chemical synthesis

	Principle 2: Atom economy
	
	Principle 4: Designing safer chemicals

	Principle 7: Use of renewable feedstock
	
	Principle 5: Safer solvents and auxiliaries

	Principle 8: Reduce derivatives
	
	Principle 10: Design for degradation

	Principle 9: Catalysis
	
	Principle 12: Inherently safer chemistry for accident prevention

	Principle 11: Real-time analysis for pollution prevention
	
	




Why did MilliporeSigma create this tool? To show customers the value and improvements made to their re-engineered products. Products in the re-engineered category have been manufactured by scientists directed by members of the Worldwide Green Chemistry Committee who have developed new ways to manufacture the products that use fewer resources, are less hazardous and/or generate less waste. The DOZN™ 2.0 scoring system quantifies the improvement in the environmental footprint of the re-engineered product.  
 
To see what products have been re-engineered by MilliporeSigma visit their greener alternatives website. One example is the re-engineering of β-Amylase, a simple comparison of the processes is below.  

[image: ]

The full comparison of the DOZN™ 2.0 scoring and the improvements made can be seen here.  
[bookmark: _9oqv1447y72l]Academic Use of DOZN™ 2.0
DOZN™ 2.0 simplifies the analysis of Green Chemistry because it provides a quantification of each of the twelve principles by yielding a positive number for each principle. Giving students a tangible entity, like a number, will make Green Chemistry seem more approachable by decreasing the amount of qualification-based analysis required by the students. Also, by quantifying each of the twelve principles, students will be able to determine the percent improvement of each principle which would not be possible if only qualification- based analysis methods were used. Another advantage of DOZN™ 2.0 is that it will teach students about chemical safety and also overall sustainability while in the lab. By enlightening students about potential chemical hazards, students will be more mindful of their own safety. In addition, the environmental effects the chemicals have will help emphasize why they should only obtain the correct amount of chemicals and why they should always properly dispose of their chemical waste.
[bookmark: _n1yjoyarrcce]Connection to Safety 
RAMP an acronym standing for Recognize hazards, Assess the risks of the hazard, Minimize the risk of the hazard and Prepare for emergencies is an easy to remember approach to chemical safety. The RAMP framework and Green Chemistry are complementary to each other and the use of Green Chemistry metrics, such as DOZN™ 2.0, explored further here is an example of recognizing (R) and assessing (A) the risks of hazards in chemical reactions. With the Green Chemistry framework, minimizing (M) the risks can be achieved by elimination or substitution of hazardous substances and many resources are available to provide alternatives. Therefore, training on the theory and application of Green Chemistry principles results in protecting and improving the safety of those working in the chemistry laboratory. Utilizing DOZN™ 2.0 in an academic laboratory setting will allow students an introduction to Green Chemistry and the twelve principles of Green Chemistry in simplified terms.

To use DOZN™ 2.0, a bio-hazard score (B score) of each material in the chemical reaction is needed and can teach safety through recognizing and assessing the risks associated with each chemical. The B score is gathered from the Globally Harmonized System (GHS) environmental hazard criteria of the raw material (chemical) and any of its degradation products (if readily degradable). In order to calculate the B score, the Safety Data Sheet (SDS) of the raw material (chemical) is needed, exposing students to using SDS data.

To determine the B score for a chemical the following SDS sections are used to gather data: 

· GHS Classification (section 2.1) for aquatic toxicity 
· Hazardous decomposition product(s) (section 10.6)
· Ecological information (section 12) for data on acute aquatic toxicity or chronic aquatic toxicity (NOEC (fish daphnia)) for product(s) that readily degrade 

The B score of the raw material is the highest of the decomposition product(s). For example, if a product has a GHS score of 4 in all present categories then its B score is 1. However, if it has a GHS score of 4 for acute aquatic toxicity and 2 for chronic aquatic toxicity then the B score for the raw material is 3.

	B Score and GHS Relationship 

	Element[endnoteRef:1] [1: . Adapted from the Decision logic for substances and mixtures hazardous to the aquatic environment, Decision logic 4.1.1 from Part 4 Environmental Hazards. Globally Harmonized System of Classification and Labeling of Chemicals (GHS) ("The Purple Book"), United Nations, 2005 First Revised Edition, 233238.] 

	GHS
Category 1
	GHC Category 2
	GHS Category 3
	GHS Category 4

	Acute aquatic
Toxicity
	≤1.00 mg/L
	> 1.00 but ≤ 10.0 mg/L
	> 10.00 but ≤ 100.0 mg/L
	> 100 mg/L

	Chronic aquatic toxicity, NOEC
(fish, daphnia)
	≤1.00 mg/L
	> 1.00 but ≤ 10.0 mg/L
	> 10.00 but ≤ 100.0 mg/L
	> 100 mg/L

	B Score
	4
	3
	2
	1



Finding the GHS classification information from the SDS is a fundamental way of assessing the risk of a chemical and teaches students to apply this information rather than just comply with a chemical assessment alone. Overall, incorporating DOZN™ 2.0 into an academic teaching laboratory can add another layer to the student’s scientific experiences by allowing them to think beyond the mere act of performing the experiment. By educating students about the 12 Principles of Green Chemistry through DOZN™ 2.0, students can be inspired and motivated to seek further education or careers in such an emerging field as Green Chemistry.
[bookmark: _no8qv1oefcry]Does No Data mean Safe?
What does it mean when there are no H phrases on an SDS? Does that mean a chemical is safe? Not necessarily. The SDS of a chemical list known hazards and are good guidance on some safety practices but they do not tell the whole story. In order to assess if a chemical is safer, one needs to make sure that there is sufficient data available on multiple health endpoints that supports a claim of safer. Luckily, there are some positive lists being developed that help with this. One such list is the EPA’s Safer Chemical Ingredient List, which assesses chemicals against a broad range of potential toxicological effects. Each of the chemicals listed on the Safer Chemical Ingredient List meets the standardized criteria and might have additional restrictions it needs to meet depending on the reason the chemical is used.
[bookmark: _kbhd6ahmqp7]DOZN™ 2.0 overview 
DOZN™ 2.0 is a free open-access Green Chemistry tool provided by MilliporeSigma. The DOZN™ 2.0 approach to evaluating greener chemicals is based on the 12 Principles of Green Chemistry. These principles distill into three major categories: improving resource use, more efficient use of energy, and minimizing human and environmental hazards. At present, DOZN™ 2.0 does not incorporate lifecycle impacts of raw materials (ie. raw material extraction, pre-processing and manufacture), but does consider hazards of and the efficient use of such materials. 

Want to learn more about the methodologies behind DOZN™ 2.0? Check out the publication for full details or view the DOZN™ 2.0 Webinar for a breakdown from the Fellow & Global Manager of Green Chemistry at MilliporeSigma, Dr. Ettigounder Ponnusamy. 
[bookmark: _x0obhx6uk5j3]How to Access DOZN™ 2.0
To access the tool provide the requested information and register for a free account on the DOZNTM 2.0 website: https://green.milliporesigmabioinfo.com/dozn/. You will receive further email instructions to complete the registration.
[bookmark: _ozucm0hwgcki]Specific rules for academic use of DOZN™ 2.0
· If the product is unknown the B score will be recorded as 1 
· For energy considerations, mechanical grinding is not considered, not is the heat generated by the reaction.
· If the duration of any reaction condition is not stated, an estimate based on a reasonable duration of the process should be used. For example, if one is filtering a 10mL solution via vacuum filtration a time of 10-20 minutes could be considered a reasonable duration.
· Water should be inputted such that its product number is 99053, brand is Sigma-Aldrich (default for all water), it is an auxiliary, and it is not considered a solvent.
· [bookmark: _3qz59i1yoj4r]Water is only considered a reactant when it is incorporated into the final product.
· [bookmark: _glebt1idihzl]Water is considered an auxiliary when used as a source of H+
These rules and more have been developed into a word document template for using DOZN™ 2.0. This template can be adapted for use when conducting comparisons of reactions. Another resource that should be utilized before attempting to compare reactions using DOZN™ 2.0 is the Employing DOZN™ 2.0 – The Quantitative Greener Alternative Evaluator in Academic Settings for Safer Labs Webinar featuring Prof. Irv Levy explaining how his course utilized the tool and tip/tricks to help you adapt this resource to your needs. 

[bookmark: _rzn9bbwr4jo1]
DOZN™ 2.0 Scoring Example  
The Aldol Condensation Reaction 
One of the most powerful synthetic pathways to generate carbon-carbon bonds, a central focus in organic chemistry, is the aldol condensation. The aldol condensation reaction refers to a reaction in which an additional reaction between two molecules takes place, followed by loss of a small molecule such as water, carbon dioxide, or nitrogen gas. 

[image: ]
An aldol possesses both an aldehydic group and a hydroxyl group, and hence the name aldol – ald for aldehyde, and ol for alcohol. When heated in acidic or basic conditions, the product of an aldol addition reaction will undergo elimination to yield an α,β-unsaturated aldehyde or ketone with concomitant loss of water.  
Below we will examine a traditional approach and greener solventless approach to the synthesis of trans-p-anisalacetophenone through DOZN™ 2.0 scoring. 






[bookmark: _imi921bqkx1c]Traditional Synthesis of trans-p-anisalacetophenone[endnoteRef:2] [2: . Preparation of trans-p-Anisalacetophenone, Experimental Organic Chemistry, 2011, 5th Edition, Gilbert and Martin, p. 620.] 

[image: ]

	Chemical Name
Sigma-Aldrich Catalog #
	Information from SDS (2.1)
	Information from SDS (10.6)
	Information from SDS (12.1)

	p-anisaldehyde
A88107
	Not a hazardous substance or mixture 
	Hazardous decomposition products formed under fire conditions. - Carbon oxides
Other decomposition products - No data available
In the event of fire: see section 5
	No data available

	Acetophenone
A10701
	Flammable liquids (Category 4), H227
Acute toxicity, Oral (Category 4), H302
Eye irritation (Category 2A), H319
Short-term (acute) aquatic hazard (Category 3), H402

	Hazardous decomposition products formed under fire conditions. - Carbon oxides
Other decomposition products - No data available

	Toxicity to fish flow-through test LC50 - Pimephales promelas (fathead minnow) -

162 mg/l - 96 h
(OECD Test Guideline 203)

Toxicity to daphnia
and other aquatic
invertebrates

static test LC50 - Daphnia magna (Water flea) - 528 mg/l - 48 h
Remarks: (ECHA)


	Water
99053
	Not a hazardous substance or mixture.
	No data available
	No data available

	Sodium hydroxide
221465
	Corrosive to metals (Category 1), H290
Skin corrosion (Category 1A), H314
Eye irritation (Category 2A), H319
Short-term (acute) aquatic hazard (Category 3), H402
	Hazardous decomposition products formed under fire conditions. - Sodium oxides
Other decomposition products - No data available

	Toxicity to fish LC50 - Gambusia affinis (Mosquito fish) - 125 mg/l - 96 h

Remarks: (ECOTOX Database)

Toxicity to daphnia
and other aquatic
invertebrates

EC50 - Ceriodaphnia (water flea) - 40.4 mg/l - 48 h
Remarks: (ECHA)


	Ethanol, 95%
459836
	Flammable liquids (Category 2), H225
Eye irritation (Category 2A), H319

	Other decomposition products - No data available
Hazardous decomposition products formed under fire conditions. - Carbon oxides

	Toxicity to fish flow-through test LC50 - Pimephales promelas (fathead minnow) -

15,300 mg/l - 96 h
(US-EPA)

Toxicity to daphnia
and other aquatic
invertebrates

static test LC50 - Ceriodaphnia dubia (water flea) - 5,012 mg/l - 48h
Remarks: (ECHA)

	Methanol
322415
	Flammable liquids (Category 2), H225
Acute toxicity, Oral (Category 3), H301
Acute toxicity, Inhalation (Category 3), H331
Acute toxicity, Dermal (Category 3), H311
Specific target organ toxicity - single exposure (Category 1), Eyes, H370

	Hazardous decomposition products formed under fire conditions. - Carbon oxides
Other decomposition products - No data available
	Toxicity to fish flow-through test LC50 - Lepomis macrochirus (Bluegill) - 15,400.0

mg/l - 96 h
(US-EPA)

Toxicity to daphnia
and other aquatic
invertebrates

semi-static test EC50 - Daphnia magna (Water flea) - 18,260 mg/l -
96 h
(OECD Test Guideline 202)

	trans-p-anisalacetophenone
S456748
	No data available
	No data available
	No data available


Procedure: 
1.  Dissolve 0.5 g of sodium hydroxide in 0.5 mL of water.
2. Place 0.2 mL of p-anisaldehyde and 0.2 mL of acetophenone in a conical vial containing a spinvane. 
3. Add 0.7 mL of 95% ethanol and stir the contents of the vial to mix and dissolve the reactants. 
4. Using a Pasteur pipet, transfer 2 drops of the sodium hydroxide solution into the reaction mixture. 
5. Stir the reaction mixture at room temperature for 15 minutes. Then cool the reaction in an ice-water bath.
6. Collect the product by vacuum filtration, wash the product with 5-10 drops of cold 95% ethanol, and air-dry the crystals. 
7. Recrystallize the crude product from 10 mL of methanol. 
8. Obtain the mass of the product, determine the melting point, and analyze by melting point and NMR spectroscopy.
DOZN™ 2.0 scoring: 
Remember the aggregate score gives a quick summary of the 12 principles, a snapshot of greenness. It is calculated by finding the total scoring of the three major groups: improved resource use, increased energy efficiency, and reduced human and environmental hazards. This number is then divided by 50. 50 is an arbitrary number to normalize the score to a 0-100 scale. The lower the aggregate score the greener the process.

	Traditional Synthesis of trans-p-anisalacetophenone

	Principle
	DOZN™ 2.0 Score

	1.Prevention
	25.0

	2.Atom Economy
	10.1

	3.Less Hazardous Chemical Synthesis
	11.1

	4.Designing Safer Chemicals
	2.0

	5.Safer Solvents and Auxillaries
	6.7

	6.Design for Energy Efficiency
	4.7

	7.Use of Renewable Feedstocks
	10.1

	8.Reduce Derivatives
	0.0

	9.Catalysis
	0.5

	10.Design for Degradation
	2.2

	11.Real-time analysis for Pollution Prevention
	1.0

	12.Inherently Safer Chemistry for Accident Prevention
	11.1

	Aggregate Score
	0.4


[bookmark: _8isxzea7v8eb]Greener Synthesis of trans-p-anisalacetophenone[endnoteRef:3] [3: . Palleros, D. R. Solvent-free Synthesis of Chalcones. J. Chem. Educ., 2004, 81, 1345. 
] 

This is a solventless reaction, the reaction is promoted by grinding the reagents in a mortar and pestle. 
[image: ]

	Chemical Name
[bookmark: _gjdgxs]Sigma-Aldrich Catalog #
	Information from SDS (2.1)
	Information from SDS (10.6)
	Information from SDS (12)

	p-anisaldehyde
A88107
	Not a hazardous substance or mixture 
	Hazardous decomposition products formed under fire conditions. - Carbon oxides
Other decomposition products - No data available
In the event of fire: see section 5
	No data available

	Acetophenone
A10701
	Flammable liquids (Category 4), H227
Acute toxicity, Oral (Category 4), H302
Eye irritation (Category 2A), H319
Short-term (acute) aquatic hazard (Category 3), H402

	Hazardous decomposition products formed under fire conditions. - Carbon oxides
Other decomposition products - No data available

	Toxicity to fish flow-through test LC50 - Pimephales promelas (fathead minnow) -

162 mg/l - 96 h
(OECD Test Guideline 203)

Toxicity to daphnia
and other aquatic
invertebrates

static test LC50 - Daphnia magna (Water flea) - 528 mg/l - 48 h
Remarks: (ECHA)

	Water
99053
	Not a hazardous substance or mixture.
	No data available
	No data available

	Sodium hydroxide
221465
	Corrosive to metals (Category 1), H290
Skin corrosion (Category 1A), H314
Eye irritation (Category 2A), H319
Short-term (acute) aquatic hazard (Category 3), H402
	Hazardous decomposition products formed under fire conditions. - Sodium oxides
Other decomposition products - No data available

	Toxicity to fish LC50 - Gambusia affinis (Mosquito fish) - 125 mg/l - 96 h

Remarks: (ECOTOX Database)

Toxicity to daphnia
and other aquatic
invertebrates

EC50 - Ceriodaphnia (water flea) - 40.4 mg/l - 48 h
Remarks: (ECHA)


	Ethanol, 95%
459836
	Flammable liquids (Category 2), H225
Eye irritation (Category 2A), H319

	Other decomposition products - No data available
Hazardous decomposition products formed under fire conditions. - Carbon oxides

	Toxicity to fish flow-through test LC50 - Pimephales promelas (fathead minnow) -

15,300 mg/l - 96 h
(US-EPA)

Toxicity to daphnia
and other aquatic
invertebrates

static test LC50 - Ceriodaphnia dubia (water flea) - 5,012 mg/l - 48h
Remarks: (ECHA)

	trans-p-anisalacetophenone
S456748
	 No data available
	No data available
	No data available




Procedure: 
1. To a 3-inch porcelain mortar, add 0.6 mL p-anisaldehyde, 0.6 mL of acetophenone, and 200 mg of solid sodium hydroxide. Grind with the pestle for 5-10 minutes. The mixture may quickly become pasty. Continue grinding until the mixture solidifies and breaks into small particles.
2. Add 10 mL distilled water and mix with the pestle and a spatula to dislodge the solid from the wall of the mortar.
3. Obtain the solid via suction filtration using a Buchner funnel. Rinse the mortar and pestle with 5 mL water and collect the rinses on the same filter.
4. Wash the product on the filter with an additional 5 mL water and allow to dry.
5. Recrystallize the crude product from 10mL of 95% ethanol. 
6. Obtain the mass of the product, determine the melting point, and analyze by melting point and NMR spectroscopy.
DOZN™ 2.0 scoring: 

	Greener Synthesis of trans-p-anisalacetophenone

	Principle
	DOZN™ 2.0  Score

	1.Prevention
	15.7

	2.Atom Economy
	24.0

	3.Less Hazardous Chemical Synthesis
	25.0

	4.Designing Safer Chemicals
	2.0

	5.Safer Solvents and Auxillaries
	1.3

	6.Design for Energy Efficiency
	7.5

	7.Use of Renewable Feedstocks
	24.0

	8.Reduce Derivatives
	0.0

	9.Catalysis
	1.0

	10.Design for Degradation
	2.0

	11.Real-time analysis for Pollution Prevention
	1.0

	12.Inherently Safer Chemistry for Accident Prevention
	25.0

	Aggregate Score
	0.6


[bookmark: _1atuc65nldpu]
DOZN™ 2.0 score Discussion 
To properly compare each procedure, each score for the 12 principles of Green Chemistry should be evaluated. The greener procedure shows an improvement in the prevention of waste (principle 1) and safer solvents and auxiliaries (principle 5). The greener procedure does not show an improvement in principles: 2, 3, 6, 7, 12. When comparing these two procedures, the most probable cause of an increase in DOZN™ 2.0 score is the increase in use of auxiliaries between the two procedures. An auxiliary is anything other than a reactant (e.g. a washing solution or non-reacting solvent), the auxiliaries do not become incorporated into the final product and therefore are considered as waste unless it is recovered and reused. The traditional procedure contains 2.133 g of auxiliaries, if one assumes 10 mL of methanol is used for the recrystallization of .267 g product. While the greener procedure contains 21.18 g of auxiliaries, if one assumes 10 mL of ethanol used for recrystallization of 0.937 g of product. Therefore, the greener procedure produces more waste.
To improve the analysis of the greener procedure, a suggestion is made to reduce the amount of water. We consider water to be a greener solvent, however we must consider that the aqueous waste from this reaction will contain a small amount of organic material and therefore is considered hazardous waste that must be incinerated. If the amount of water were decreased by half most of the twelve principles would be improved from the traditional microscale reaction. This degree of improvement would not be observed if the amount of water used was decreased by one third. This suggests the amount of water used in the procedure should be decreased by half (if chemically possible) to improve the overall greenness of the greener procedure. Of course, an improvement in all twelve principles would be preferred but by allowing students to see an improvement in most of the twelve principles, it will be clear that the new greener procedure is overall better than the traditional procedure. This may also provide the opportunity for the students to compare each procedure to determine why each principle improved in the greener procedure. For example, a decrease in both principle 3 and 12 is due to both a decrease in the amount of solvent (compared to the original greener procedure) and a decrease in the hazard of the auxiliary (water vs. ethanol). Overall, allowing students to see a decrease in DOZN™ 2.0 score (increase in “greenness”) may allow each of the twelve principles of Green Chemistry to be better examined. 
	Principle
	Traditional Procedure
	Greener Procedure with Half Water Use
	Greener Procedure with 2/3 Water Use

	1. Prevention
	25.0
	9.10
	10.67

	2. Atom Economy
	10.1
	11.84
	14.99

	3. Less Hazardous Chemical Synthesis
	11.1
	12.84
	15.99

	4. Designing Safer Chemicals
	2.0
	2.00
	2.00

	5. Safer Solvents and Auxiliaries
	6.7
	1.20
	1.18

	6. Design for Energy Efficiency
	4.7
	3.48
	4.53

	7. Use of Renewable Feedstocks
	10.1
	11.84
	14.99

	8. Reduce Derivatives
	0.0
	0.00
	0.00

	9. Catalysis
	0.5
	1.00
	1.00

	10. Design for Degradation
	2.2
	2.02
	2.01

	11. Real-time analysis for Pollution Prevention
	1.0
	1.00
	1.00

	12. Inherently Safer Chemistry for Accident Prevention
	11.1
	12.84
	15.99



Conclusions 
Due to the assumptions made during the analysis of a reaction it is not expected that students will arrive at the exact same DOZN™ 2.0 for a given reaction. Therefore, the process to arriving at the DOZN™ 2.0 score should be considered by the instructor rather than a direct match to a given set of values. This allows the instructor to investigate a student’s understanding of chemical reactions and the process by which they approach the analysis of the reaction and data entry into the DOZN™ 2.0 software. 

For more tips and tricks as well as ideas on how to implement this tool and resource in your course view the Employing DOZN™ 2.0 – The Quantitative Greener Alternative Evaluator in Academic Settings for Safer Labs Webinar featuring Prof. Irv Levy explaining how his course utilized the tool.

If you do utilize this resource, we would love to hear feedback on how, where and why to info@beyondbenign.org. Your feedback can help make improvements to this resource for the Green Chemistry educational community in the future.   
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